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DISSOCIATION CONSTANTS AND pH-TITRATION CURVES 
AT CONSTANT IONIC STRENGTH FROM ELECTRO- 
METRIC TITRATIONS IN CELLS WITHOUT LIQUID 
JUNCTION: TITRATIONS OF FORMIC ACID AND ACETIC 
ACID 


By Roger G. Bates, Gerda L. Siegel, and S. F. Acree 


ABSTRACT 


mproved method for obtaining the titration curves of monobasie acids is 
ed. The sample, 0.005 mole of the sodium salt of the weak acid, is dissolved 
100 ml of a 0.05-m solution of sodium chloride and titrated electromeirically 
h an acid-salt mixture in a hydrogen-silver-chloride cell without liquid junction, 
acid-salt mnixture has the composition: nitrie acid, 0.1 m; potassium nitrate, 
m: sodium chloride, 0.05 m. The tit ration t herefore is performed in a 
1 of constant chloride concentration and of practically unchanging ionic 
w=0.1). The calculations of pH values and of dissociation constants 
e emf value s are outlined. The titration curves and dissociation constants 
acid and of acetic acid at 25° C were obtained by this method. The 
alues (negative logarithms of the dissociation constants) were found to be 


K 
12 and 4.754, respectively. 
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I, INTRODUCTION 


It has long been recognized that measurement of the changes of 
if 


H during the neutralization of a weak acid with alkali can be em- 
loyed to obtain an accurate value for the strength of the acid or its 
dissociation constant. In electrometric titration, the pH values are 
measured at successive steps in the titration by me ans of the changing 
potentials of suitable electrodes imme rsed 1 in the solution Ace ording 
to oe practice, successive portions of a solution of strong alkali are 

added to a sample of pure acid, and the pH values of the several 
mixtures are determined. The titration is performed in a cell that 
contains a hydrogen, glass, or quinbvdrone electrode. The cell 
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system is completed by a reference half-cell (calomel, silver chloride 
etc.) whose electrolyte is brought into liquid-liquid contact with the 
acid solution in the titration vessel. 

The pH values that are derived from the emf measurements of such 
a cell often involve considerable uncertainty, and in unfavorable cages 
they may be in error by more than 0.05 pH unit [1, 2].!. The principal 
reason for this difficulty is neglect of the contribution of the potentig| 
at the liquid junction or in the application of improper or inadequate 
corrections for it. Such corrections are laborious and unsatisfactory 
and require a knowledge, often unavailable, of the mobilities and 
activities of the ions of which the solutions are composed. For 
accurate work, liquid junctions are to be avoided whenever possible, 
For approximate work, however, cells with a liquid junction are often 
useful. 

The second limitation to the accuracy of these titrations has its 
origin in the changing concentration of ionized solutes in the cell 
during the titration. A solution of the weak acid has a low ionic 
strength, whereas its salt is a strong electrolyte. It is well known 
that there is an infinity of titration curves for a particular weak acid, 
each one corresponding to a different ionic strength. Although the 
effect of the change in ionic strength on the pH values measured 
during the course of the titration may be small, the titration curve 
will be distorted unless the total ionic concentration is held at a 
constant value while the series of experiments is being performed. 
As a rapid means of obtaining dissociation constants of weak electro- 
lytes, however, the titration procedure has much to recommend it. 
It has seemed worth-while, therefore, to attempt to improve its 
accuracy. 

It is the purpose of this paper to present a method for obtaining 
pH-titration data and dissociation constants for weak monobasic 
acids by means of electrometric titrations in a hydrogen-silver- 
chloride cell without liquid junction. An alkali-metal salt of the 
weak acid in sodium chloride solution is titrated with nitric acid 
solution to which have been added sodium chloride and potassium 
nitrate in amounts sufficient to maintain unchanging chloride con- 
centration and constant ionic strength as the salt is changed into 
weak acid. The method has been applied to the determination of 
the dissociation constants of formic acid and of acetic acid. Compar- 
ison with the best data in the literature indicates that pK values 
accurate to 0.01 unit were obtained. 


II. DISCUSSION OF THE TITRATION METHOD 


When an electrometric titration is performed, data for the entire 
titration curve are ordinarily obtained within 3 or 4 hours. Unusual 
precautions must therefore be exercised to insure rapidity of equili- 
brium after the addition of each increment of acid or alkali. The 
potential of the hydrogen electrode adjusts itself rapidly, in the 
absence of oxygen, to changing pH. The silver chloride electrode, 
however, is slow to come to equilibrium when the chloride-ion con- 
centration is changed, for equalization of the chloride-ion concentra- 
tion in the porous electrode and in the solution must take place by 


1 Figures in brackets indicate the literature references at the end of this paper. 
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diffusion. When constant chloride-ion concentration is maintained, 
however, equilibrium is rapid, and the emf values may be obtained 
readily. The calculation of pH values and of the dissociation constant 
of the weak acid from the experimental data are described in detail 
in the following sections. 


1, TITRATION CURVES AT CONSTANT IONIC STRENGTH FROM 
CELLS WITHOUT LIQUID JUNCTION 


The hydrogen-silver-chloride cell without liquid junction may be 
represented by the following arrangement: 


Pt|H.|H*, Cl-|AgCllAg, (1) 


where H* and Cl- represent the components of the cell electrolyte 
to which the cell is reversible. The emf of the cell at a centigrade 
temperature, ¢, is related to its standard potential, H°, and to the 
activities, a, of these two ions by the equation 


(E—E°)F oe 
2 3096RT 0 @naer) = (E— E°)/k, 


—log dyg= (H— E°)/k+log aq, (2) 


where # is the gas constant (8.3127 Int. j. deg™! mole! [3]), 7’ is the 
absolute temperature (¢+273.16) [4], F is the faraday (96,500 Int. 
coulombs [4]), and & is written for 2.3026 RT/F. 

The problem of determining pH (=—log ay) from emf measure- 
ments of cells of type 1 resolves itself into estimation of the activity 
coclicient, f;, of chloride ion. It is noteworthy that all methods of 
pHi determination must deal with this theoretical difficulty in one form 
or another*. The least ambiguous solution is possibly that which 
assumes a simple relation among the activity coefficients of all the 
ions of which the mixture is composed. Thus the activity coefficient 
of chloride ion (and of other singly charged ions) is considered to be 
equal to the mean activity coeflicient of hydrochloric acid in the 
mixture. 

The activity coefficient of any ion species, 7, in the mixture may be 
represented by the Htickel equation [5], 


Azivu 
l + Ba iv Be 


— Bz, (3) 


Pa log fi= Pa } 
where uw is the ionic strength (%2m,zj), 2; is the valence of the ion, 
the molality of which is m,, and A and B are constants that vary 
only with the temperature and dielectric constant of the solution. 
The values of A and B at 20°, 25°, and 30° C [6] are given in table 1, 
together with E° and k. 

When the proper values of parameters a, and 6 are used, eq 3 de- 
scribes the change of the activity coefficient of hydrochloric acid with 
ionic strength of the mixture. The parameter a; has dimensions of 
length and is often called the ‘ion size.’ Only singly charged ions 
are involved in the titration of monobasic acids by the method out- 
lined here. In this paper, therefore, /, represents the activity coefli- 
cient of a univalent ion. 

? A critical comparison of errors involved in determining pH from cells with liquid junction and from 
cells without liquid junction has been made by Hamer [2]. 
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TABLE 1.— Numerical values of E°, k, A, and Bat 20°, 25°, and 30° C 





Since @¢,;=fcimq, Where m represents molality, eq 2 and 3 can be 
combined, as shown by Hamer and Acree [7], to give an expression 
which can be used for the computation of pH values from emf meas- 
usements. The term yu in eq 3 is a secondary correction to the pH at 
low ionic strengths* but is very important at high concentrations. 
It is usually found to contribute less than 0.01 unit to the pH value 
at an ionic strength of 0.1. For approximate pH determination, 8, 
may safely be neglected. When both m,, and uw are the same for 
series of emf measurements, eq 2 becomes simply 


pH =(E—E”)/k, 


where /7°’ is defined by 


These conditions of constant chloride molality and of constant 
ionic strength over the entire range of the titration curve ‘* were 
achieved by the proper choice of concentrations for the solution of the 
sodium salt to be titrated and for the components of the acid mixture 
with which the titration was performed. The sample, 0.005 mole 
of the sodium salt of the weak monobasic acid was dissolved in 100 ml 
of 0.05-m sodium chloride solution. The acid mixture was composed 
of nitric acid at a molality of approximately 0.1, together with potas- 
sium nitrate and sodium chloride, each at a molality of 0.05. 

In two experiments, the sample was dissolved in 200 ml of 0.05-m 
sodium chloride solution. The ionic strength in these two titrations 
was therefore about 0.077 instead of 0.1 and changed about 6 percent 
during the titration. Another titrating solution which contained 
somewhat less potassium nitrate could have been used to offset this 
change in ionic strength. 


2. DISSOCIATION CO 


The negative logarithm of the apparent dissociation constant of the 
acid, pA’, at the ionic strength of the experimental! solutions, is given 
by 


pk’ =(E— E°)/k+log mo,—log (M,/Maa), 
which, combined with eq 5, gives 


pK’ =(E— E°)/k—log (M,/Maua) —log fi, 


? If 8 has a value of 0.1, Bu is about 9 percent of —!og f; at an ionic strength of 0.1, and only 0.6 percent at 
an ionic strength of 0.001. 

‘ The principle of constant anion or cation concentration in the titration of salts of weak acids or bases in 
ells with liquid junction was used by Meacham, Hopfield, and Acree [8] and by Mellon, Acree, Avery, and 


Slagle [Cc 
JAgZie | 
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where \4/Mya represents the mole ratio of acid anion to undisso- 
iated acid. This ratio is obtained in the usual way by correcting for 
‘he dissociation of the weak acid. The correction for dissociation 

ntributes only 4 percent (0.002 pH unit) to the ionic strength for 

e most acid formate mixture and accordingly need not cause serious 
concern in a determination of this type. Here again, a decrease in 
the amount of potassium nitrate used in the titrating acid would com- 
pensate for this small change in ionic strength. 

Since the values of the activity coefficients of chloride ion and of the 
acid anion in the mixtures may not actually be ideutical (as assumed 
in eq 6), pA’ differs somewhat from the negative logarithm of the 
true dissociation constant, pA®. The true pK can be obtained, 
however, from pK’ values at two or more ionic strengths by extrapola- 
tion to the limit, .=0, where the two activity coeflicients are both 

inity. 

The change of apparent dissociation constant with ionic strength 
is small for most monobasic acids. For formic acid, pK’ at an ionic 
strength of 0.1 is 0.009 unit higher than the value at zero concentra- 
tion [10], whereas the measurements of Harned and Ehlers [11] 

dicate that the corresponding increase in pK’ for acetic acid is even 
smaller, or about 0.005 unit. The observed difference between pk’ 
at the two ionic strengths (0.1 and 0.077) used here should accordingly 
be about 0.002 unit, or less than the error of the measurement. An 
extrapolation was therefore not attempted. 

The choice of a; (eq 3) has no bearing upon the value of pK obtained, 
for f, does not influence the values of p/v’ derived from eq 6 and 7. 
The accuracy of the pH values (eq 4), however, is limited by the 
incertainty in log f; and, consequently, in 2°’. 

Although there is no known means of predicting the numerical 
values of the constants of the Hiickel equation for a particular mix- 
ture, it is probable that an a, value between 3 and 5 A is required to 
represent the activity coefficient of hydrochloric acid in most solu- 
tions of uni-univalent salts. As a mean value, therefore, 4 A bas been 
chosen for the computation of the pH values. The contribution of 
the activity coefficient to the pH at an ionic strength of 0.1 is, then, 
assumed to be 0.114 unit. Had 3 A been used for a; the pH values 
would all have been lower by 0.009 unit, and the use of 5 A would 
have resulted in an increase of 0.008 unit over those values listed in 
tables 2 to 7. An accuracy of +0.01 unit can probably be ascribed 
to the pH values 

alternate explanation of tne slope of tne plot of pK’ with respect tou, the activity coefficient of the 

ber bru acid, assumed to be unity in eq 6 and 7, can be considered to change, waile the activity coeffi 
fch loride ion and of acid anion remain identicé il at all ionic strengths. Both assur nptions les vd to the 
sy St he °n 3and5 A have also been found to be characteristic of mixtures which contain biva- 
ions. <A value of 3.8 A was found to give the best representation of the activity coefficient of hydro- 
icid in mixtures of primary phosphate, secondary phosphate, and sodium chloride at room tempera- 

12}. In sodium acid malonate-disodium malonate-sodium chloride buffers, 4.75 A gives the proper 

yn for the activity coefficient [6]. In unpublished measurements in this Bureau, W. J. Hamer 

found the value of 3.76 A to apply both to mixtures of phthalic acid, potassium acid phthalate, and 
sium chloride, and to mixtures of acid potassium phthalate, dipotassium phthalate, and potassium 
ride. Unpublished work by the authors of this paper, however, showed that an a¢ value of 8 A was 
required to represent correctly the activity coefficient function in buffers of potassium p- 
phenolsulfonate, sodium hydroxide, and sodium chloride. In a study of two completely dissociated mix- 
of et alent electrolytes, W. J. Hamer and G. D. Pinching (unpublished work) have found 3.5 A 


apply to hydrochloric acid-pot assium p-phenolsulfonate solutions and to solutions which contain hy- 
hloric acid and sodium 4-chloropheno!-2-sulfonate. 
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III. DISSOCIATION CONSTANTS OF FORMIC AND ACETIc 
ACIDS AT 25°C 


1. MATERIALS 


Sodium chloride and potassium nitrate that conformed with speci- 
fications of the American Chemical Society were recrystallized once 
before use. Sodium formate and sodium acetate of reagent grade 
were found to be sufficiently pure. Two samples of sodium formate 
were assayed by evaporating a mixture of the salt and sulfuric acid 
to dryness and weighing the residue. Both analyses gave 99.9¢ 
percent, calculated as sodium formate. Two samples of sodium 
acetate treated in the same way gave 99.89 percent and 99.92 percent, 
Three further analyses made by heating the salt with dilute sulfuric 
acid, distillation of the acetic acid, and titration with standard alkali. 
however, gave 100.27+0.08 percent, calculated as sodium acetate. 
The presence of 0.1 percent of inert impurity in the sample of sodium 
salt results in an error of 0.001 unit in pK’ at the midpoint of the 
titration; when the titration is 90 percent complete, the error in pK’ 
is 0.004 unit. 

All of the salts were powdered and dried at 110° C before use. The 
sodium acetate was partially dehydrated over concentrated sulfuri 
acid at reduced pressure before it was subjected to elevated tempcra- 
tures. 

The stock solution of sodium chloride was prepared from weighed 
amounts of water and of the dry salt. The acid solution was prepared 
by dissolving sufficient colorless concentrated nitric acid in water to 
make a solution approximately 0.1 m. Clean dry air had been bub- 
bled through the nitric acid to remove oxides of nitrogen. The 
solution was weighed and a preliminary, rough determination of its 
acid content made. Enough sodium chloride and potassium nitrate 
were added to make the titrating solution 0.05 m with respect to each 
salt. Hydrogen was then passed through the solution to remove 
dissolved air. The acid solution was kept under hydrogen in storage 
flasks of Pyrex glass. 

All rubber tubes or stoppers exposed to the nitric acid solution or 
‘vapor were coated lightly with paraffin, and the storage vessel was 
protected from light. Black paper that covers the flask or bottle 
completely is considered preferable to the use of a dark bottle for this 
purpose, since it facilitates inspection of the solution for the appear- 
ance of the yellow color which indicates decomposition of the nitric 
acid. Ifa yellow color should appear, hydrogen saturated with mois- 
ture should be bubbled through the solution for some time. The acid 
value should then be redetermined. 

The acid titrating solution was standardized by weight titrations 
with a carbonate-free sodium hydroxide solution which, in turn, had 
been standardized against acid potassium phthalate, NBS Standard 
Sample 84a. The average deviation of the analyses was 0.03 percent. 

The water thermostat, the potentiometric equipment, and the 
preparation of the hydrogen electrodes have been described in an 
earlier publication from this Bureau [12]. The silver-silver-chloride 
electrodes were of a semimicro type, designed to reduce the possibility 
of poisoning of the hydrogen electrodes by the deposition of silver 
upon the catalytic surfaces. Poisoning did not occur in any case. 
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Loops of platinum wire about 6 mm in length, sealed into soft glass, 
served as bases for the electrodes. A coating of silver, approximately 
16 mg in weight, was formed on each loop by the thermal decomposi- 
tion of silver oxide. The electrodes were chloridized in 1 M hydro- 
chloric acid for 15 minutes with a current of 3 ma. 


2. PROCEDURE 


The titration cell is a modification of a cell for titrations with liquid 
junction previously described by Burton, Hamer, and Acree [13]. 


Figure 1.—Assembly of apparatus for electrometric titrations without liquid junction. 


Hi he arrangement of electrodes and burette in the cell is shown in 
igure 1, 

The weighed sample of the sodium salt of the weak acid was intro- 
duced into the titration cell, F, and the sodium chloride solution 
was added from a calibrated pipette. The two platinized electrodes, 
E, were fixed in place by means of small rubber stoppers, and the 
hydrogen flow was started. The silver chloride electrodes, D, were 
usually placed in the cell just before the titration was begun—at the 
time when the burette was filled. Both the silver chloride electrodes 
and the hydrogen electrodes were usually freshly prepared for each 
series of experiments. The silver chloride electrodes were kept in 
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0.05-m sodium chloride solution until used, and the platinized fojjs 
were stored in distilled water. 

The two silver chloride electrodes usually agreed in potenti 
within 0.04 mv. In the poorly buffered solutions at the air sees 
of the titration, hydrogen electrodes ordinarily differed by 1 to 2 my. 
but the emf difference dropped to 0.01 to 0.02 mv as soon as 1 m] of 
acid solution had been added. 

In recognition of the deleterious effect of oxygen, both on hydrogey 
and on silver—silver -chloride elec ‘trodes, prec cautions were taken { to 
exclude traces of air from the titration cell and from the acid-titrating 
solution. In some of the preliminary experiments, air was permitte( 
to enter the burette as the acid solution was withdrawn. Before thy 
end of the titration the effect of oxygen was evident in the slow attain- 
ment of equilibrium emf values and in the unsteadiness of the hydro- 
gen electrodes. To obviate this source of error, the hydrogen that 
escaped from the cell while the hydrogen elec trodes were bei ing brought 
to equilibrium previous to the start of the titration was allowed to pass 
through the empty burette and the large test tube, B, by closing th 
stopcock between the trap, G, and the cell. In ‘this way, air was 
removed from the burette, C, and it was prevented from gaining 
entrance to the burette during the titration by filling the funnel, 4. 
with water. When the platinum electrodes had been allowed sufficient 
time for saturation with hydrogen, the burette was removed from tly 
titration cell, and a vigorous stream of hydrogen was passed into / 
and out through the rubber stopper to prevent entrance of air into 
the cell. The burette was attached to the flask containing the acid 
solution, filled through its tip by hydrogen pressure, and replaced in 
the rubber stopper for the titrations. The burette was calibrated at 
intervals of 5 ml by weighing the amount of acid solution delivered. 

Where a large number of emf measurements must be made without 
sacrifice of accuracy, as in an electrometric titration, rapidity of 
equilibrium is particularly desirable. If such a titration were per- 
formed in a cell without liquid junction by the addition of strong 
alkali to a solution of weak acid (or weak-acid—chloride mixture) as 
has been the usual practice when cells with liquid junction were used, 
the chloride-ion concentration would be progressively lowered, and 
the reference electrode would be slow to attain its new equilibrium 
potential after the addition of each increment of titrating solution 
These measurements show that conditions of thermodynamic equilib- 
rium between a small silver-silver-chloride electrode and the solution 
may be successfully met throughout the entire titration if oxygen is 
excluded and if the temperature, ionic strength, and chloride con- 
centration are held constant. 

The initial emf measurements, made before any acid solution had 
been admitted to the cell, drifted upward at a rate of several tenths of 
a millivolt per minute. After about 2 percent of the salt had bee: 
titrated, however, the cell attained a constant emf within 1 to 2 
minutes following the addition of an increment of acid. This emf 
value rarely changed more than 0.1 mv when no more acid was added 
during the next 5 to 15 minutes. In one case, the cell was found to 
change 0.18 mv (corresponding to 0.003 pH unit) in 45 minutes. The 
entire titration usually required about 3 hours, when the acid was 
added at intervals of 10 minutes. If the titration is performed in an 
air bath or constant-temperature room, a longer time is required for 
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thermal equilibrium to be attained, since the heat of neutralization is 
lissipated but slowly under these conditions. 

If neither the sodium or potassium salt of the weak acid is available, 
a sample of the free acid can be used. The acid should be neutralized 
arefully with standard alkali and the necessary amounts of water and 
solid sodium chloride added before the start of the titration with 

ric acid. The neutralization can be performed electrometrically 
in the titration cell. Perchloric acid and sodium perchlorate can be 
substituted for nitric acid and potassium nitrate as components of the 
titrating solution if desired. 


nit 





co 


| 
| 








| | | | ' l 
90 6&0 70 50 SO 40 30 20 
PERCENTAGE OF SALT TiITRATED 





Figure 2.—pH-titration curves for Jormic and acetic acids. 


Che data of six experiments are represented. 
@=experiments 1 and 5; O©O=experiments 2 and 4; @=experiments 3 and 6. 


3. RESULTS AND CALCULATIONS 


The results of three electrometric titrations of sodium formate and 
three of sodium acetate are summarized in tables 2 to 7. The emf 
values have been corrected to a hydrogen pressure of 760 mm. Ex- 
periment 1 was performed at 30° C, and the other five were carried 
out at 25° C in the water thermostat. The pH values were computed 
from eq 4, and pK’ was derived from eq 7. Figure 2 is a plot of all 
the titration data for formic acid and acetic acid mixtures. The pH 
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values of the formate solutions in experiment 1 at 30° C were so close ; 
to those at 25° C that a single curve has been drawn through the 
results of all three experiments. 


Taste 2.—Calculation of the dissociation constant of formic acid from electro. x 
metric titration of sodium formate with nitric acid reagent: experiment 1, 30° C 
[Millimoles of sodium formate=4.957, dissolved in 100 ml of 0.05-m sodium chloride solution; ionic strength 


constant, n=0.0996; —log f;=0.115; E°’ =0.30425] : 








| | | l 
HNOs | E | (E—E®’)/k =pH| Mu | HA | A= log (Ma/Mua) 
| | | 
| 
MolesX102| Int. ov Moles X10 MolesX108 | Moles X108 
0. 000 0. 7643 | 

. 102 . 62528 

. 207 . 60532 

.307 | 59420 | 

. 409 . 58585 | 
. 57937 | 
° 56 158 
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TaBLE 3.—Calculation of the dissociation constant of formic acid from electro 
metric titration of sodium formate with nitric acid reagent: experiment 2, 25° C 


Millimoles of sodium formate =4.965, dissolved in 100 ml of 0.05-m sodium chloride solution; ionic strength 
constant, p=0.0997; —log fi:=0.114; E°’=0.30606] 





| 

HNO; | E | (E—E°)/k = pH Ma | HA |. a- log (Ma/Mua) | = 
} | | | 
| 


| MolesX10° | | Moles 103 | Moles X10 | 
O81 


016| 0.001 -202| «4.763 | as 
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TaBie 4.—Calculation of the dissociation constant of formic acid from electrometric 
titration of sodium formate with nitric acid reagent: experiment 3, 25° C 
'Millimoles of sodium formate =5.005, dissolved in 200 ml of 0.05-m sodium chloride solution; yw at beginnin 
=0.0750, wu at end=0.0799; uw (average) =0.0775. —log f;=0.104; H°’ =0.30547] 
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» 5.—Calculation of the dissociation constant of acetic acid from electrometric 
titration of sodium acetate with nitric acid reagent: experiment 4, 25° C 


oles of sodium acetate=4.984, dissolved in 100 ml of 0.05-m sodium chloride solution; ionic strength 
constant, 4=0.0998; —log f/;=0.114; F°’ =0.30606] 
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: 6.—Calculation of the dissociation constant of acetic acid from. electrom etric 
t ‘tration of sodium acetate with nitric acid reagent: experiment 5, 25° 
moles of sodium acetate =4.938, dissolved in 100 ml of 0.05 5-m So. lium chloride solution; ionic strength 
constant, = 0.0904; —log  fi=0. 114; E°’=0.30606] 
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{anLe 7.—Calculation of the dissociation constant of acetic acid from eli ctrometric 
titration of sodium acetate with nitric acid reagent: experime nt 6, 25° 


moles of sodium acetate =4.928, dissolved in 200 m] of 0.05-m sodium chloride solution; » at beginning 
=0.075, » at end =0.079, w (average) =0.077; —log fi=0.104; E°’=0. 30547] 
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In the fourth column of each table, A/, represents the number of 
moles of hydrogen ion in v ml of solution, where » is the total volum, 
of solution in the titration cell. Thus A4y~mqv/1000, where m 


: é n Is 
the molality of hydrogen ion computed from the pH value: 


—log my=pH + log f,. 8 


‘The number of moles of weak acid, HA, given in the fifth column of 
each table, was obtained by subtracting My from the amount of 
nitric acid listed in the first column. The values of AW (sixth column) 
are the differences between the amount of sodium salt used (given 
at the head of each table) and the amounts of HA. 7 

The average pK’ value for each experiment is given in table 8 
The last two measurements of experiments 1 and 4, when more than 
95 percent of the salt had been neutralized, have not been included 
in the average. The averages of all the pK’ values derived from these 
experiments agree very well (0.001 unit) with the best values of 
pk for these two acids given in the literature [10, 11]. 


—_ 


] 


ParLeE 8.—Summary of pK’, pK, and K for f cud and acetic acid at 





e At 30°C, 


Since pK’ for many monobasic acids at an ionic strength of 0.1 
differs but little from the value at zero ionic strength, it is probably 
unnecessary for practical work to make the large number of measure- 
ments requisite to an unambiguous extrapolation. For a check on 
the accuracy of the method, however, pK was computed from pK’ 
by the application of extrapolation corrections taken from the careful 
measurements of the dissociation constant of formic acid by Harned 
and Embree [10] and of the dissociation constant of acetic acid by 
Harned and Ehlers [11]. These corrections, the amounts to be 
subtracted from pk’, are given in the fourth column of table 8, and 
the pK values are listed in the fifth column. The dissociation con- 
stant, J, is listed in the sixth column. Harned and Embree found 
3.752 and 3.753 for the pK values of formic acid at 25° and 30° C, re- 
spectively, and Harned and Ehlers have given 4.756 for the pK of 
acetic acid at 25° C. 

It is evident that the electrometric titration, modified as described 
in this paper, may have consdiderable usefulness as a practical means 
of determining dissociation constants of weak monobasic acids and 
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nH values of buffer solutions with an accuracy of 0.01 to 0.02 unit. 
By substitution of a glass or quinhydrone electrode, the application 
of the method can be extended to many systems in which the hydro- 
ven electrode cannot be used. 

Titration curves and dissociation constants of weak polybasic 
acids at constant ionic strength can be obtained by modifications of 
the method described here. To obtain data for the second, third, 
ete., groups, the corresponding salt is titrated in sodium chloride 
solution with nitric acid solution to which has been added sodium 
chloride and sufficient potassium nitrate to compensate for the 
decrease in ionic strength during the titration. As an alternate 
procedure, & disodium salt can be titrated with a solution of acid 
sulfate and sodium chloride which contains enough neutral salt to 
compensate for the decrease in ionic strength and to maintain a con- 
stant concentration of bivalent ions, e. g., sulfate. The pH values 
in the range governed by the first dissociation constant are then 
obtained, as described in this paper, by the titration of the acid salt 
of the weak acid with nitric acid reagent. The determination of the 
concentration and dissociation constant of each acid group in a mixture 
[14] is improved by use of this procedure. 

The titration method as outlined is not well adapted for use over a 
wide range of temperatures. It cannot conveniently furnish the 
accurate data over a wide range of ionic strengths which are required 
to determine a; and 8 parameters. Wherever it can be used, however, 
it represents a considerable improvement over a pH assembly with 
liquid junction. 

Because of these limitations, the electrometric titration method is 
unsuitable for the precise determination of dissociation constants and 
pH values of buffer standards. When an accuracy within 0.003 unit 
is desired, the emf method described in earlier papers from this 
Bureau [6, 7, 12] should be employed. The improved titration 
should be regarded rather as a rapid method of establishing dissocia- 
tion constants and practical buffer standards for pH control where an 
uncertainty of 0.02 unit is permissible. 
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FUNCTION OF CARBON DIOXIDE IN PRODUCING EFFLO- 
RESCENCE ON PLASTER AND CEMENT PRODUCTS 


By Dana L. Bishop 


ABSTRACT 


livdrated magnesium sulfate was identified as the principal compound in 
efflorescence on white-coat plaster finish. This salt is not a constituent of the 
white-coat backing but is formed by reactions involving gypsum and magnesia in 
the plaster, carbon dioxide from the air, and water. The reaction to form magne- 
sium sulfate cannot take place until after the Ca(OH)shas been changed to CaCQs. 
Magnesium sulfate efflorescence may also be formed on cement products by the 
same reactions. 


Introduction 
E-fforescence on plaster 
1. Chemical constituents of plaster and efflorescence - - _ -_- _- 
2. Formation of nesquehonite 
3. Reaction of nesquehonite with gypsum___________--_- 
+ 


| 


Se OSE Sa ce ee eee pre ee em Rez 
6. Recommendations relating to prevention of efflorescence on 
plaster 
II]. Magnesium sulfate effiorescence on cement products - - ---- -- -- 
IV. Summary 
Nic aR BONAR Ateneo ke Ra Stet aks ee ene es REP ie RS So oe alas 


I. INTRODUCTION 


Efflorescence is defined as the deposit of crystalline salts on the 
surface of masonry or plaster. These salts are usually present in the 
interior of the masonry or plaster and are dissolved by water and 
transported to the surface, and there redeposited by evaporation of 
the water, with consequent recrystallization of the salts. For efflores- 
cence to occur, there must be both soluble salts and water to dissolve 
and transfer the salts. Efflorescence is frequently associated with 
and may be the cause of disintegration of the surface of plaster. 

One type of efflorescence occurring on plaster consists chiefly of 
magnesium sulfate, which is not a constituent of the plaster. In order 
to determine the origin of the salt, some experiments were performed 
on the individual constituents and mixtures having the composition 
of white-coat plaster. The results are given in the report. 
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II. EFFLORESCENCE ON PLASTER 
1. CHEMICAL CONSTITUENTS OF PLASTER AND EFFLORESCENCE 


Plaster ordinarily consists of a base coat of gypsum and sand and a 
finish coat of gypsum and hydrated lime. The hydrated lime may be 
either a high-calcium or a dolomitic type, the latter being used in g 
majority of the finish-coat plasters. The principal chemical cop. 
stituents of set plaster (aside from the sand, which has a very low 
solubility in water) are CaSO,.2H,O, Ca(OH), , MgO, and Mg(OH), 

The Ca(OH), combines with CO, from the air to form CaCO, 
the reaction proceeding slowly in normally dry plaster but more 
rapidly when the optimum amount of moisture is present. The 
extent of carbonation of the hydrated lime varies greatly and fre- 
quently is unrelated to the age of the plaster, as shown by the analyses 
of many plasters. For example, samples from some buildings 30 years 
old contained about a quantities of CaCO, and Ca(OH),, whe Teas 
all or nearly ail of the Ca(OH), was converted to CaCO, in other 

samples from buildings much less than 30 years old. Regions may 
exist anywhere in plaster, but especially at the surface, where Ca (OH), 
has been completely car bonated. 

The composition of a sample of efflorescence on plaster, computed 
from an analysis, was as follows: 


Percent 
MgS0O,.7H,0-- 3.3 
Meg(OH)>. 5 OM f 
CaSQ,.2H,0- --_-_- - 128 
CaCO; — 2 
C 


a(CH), 
2. FORMATION OF NESQUEHONITE 


Complete conversion of Ca(OH), to CaCO; had not occurred in the 
majority of plasters analyzed. In a few samples, however, the 
amounts of CO, found were enough to carbonate the total contents of 
Ca(OH), and MgO. Furthermore, some samples contained Mg0Q, 
CO,, and chemically combined water in the molar ratios corresponding 
to those of the mineral nesquehonite, MgCO,;.3H,0. The chemical 
evidence (by W. F. Clarke, of this Bureau) for the existence of this 
compound in plaster was confirmed by microscopical and X-ray 
analyses. 

Johnston [1] ' and Kline [2], respectively, showed that MgCQ3;.3H,0 
in water remains the stable phase, at 16° and 25° C, as long as the air 
in contact with the water contains at least 0.04 perce nt of CO;. They 
found that when the concentration of CO, was less than 0.04 percent, 
the MgCO;.3H,O changed very slowly to Mg(OH).. Johnston 
indicated that at higher te mperatures MeCoO,. 3H.O would be the 
stable phase only at higher concentrations of CO,. While the COQ, 
content of the outside air is ordinarily about 0.04 percent, that of the 
air inside of buildings is variable and often much greater. The 
concentration may reach 0.1 percent or more, well above that at 
which MgCOQ,.H,0O is stable. 


! Figures in brackets indicate the literature references at the end of this paper. 
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3. REACTION OF NESQUEHONITE WITH GYPSUM 


Some information regarding the possibility that nesquehonite, 
cypsum, and lime react in moist plaster may be obtained from the 
respective solubilities of these compounds given in table 1. 


TasBLE 1.—Solubilities of some compounds occurring or formed in plaster 
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The solubility relations of CaSO,.2H,O and MgCO;.H,0 are such 
that the following reaction will proceed toward the right, since 
CaCO, is relatively insoluble:? 

CaSO,.2H,.0+ MgCO;.3H,O+2H,0—CaCO;-+ MgSO,.7H,0. (1) 


The other product of this reaction, MgSO,.7H,0, is the chief constitu- 
ent of efflorescence on plaster. 

Tests were made to determine whether or not the reaction products 
indicated by equation 1 could be produced when a water suspension 
of MgO and CaSQ,.2H,O was exposed to CO, from the air. After 
several days small crystals were observed at the surface of the solution. 
These crystals were shown to be CaCO; by microscopical analysis. 
1c reaction proceeded slowly, and at 7 months, chemical analysis 
of the sediment indicated that nearly all the MgO had been changed 
to MgSO,.7H,O. In another test MgSO;.7H,O was produced in a few 
hours by bubbling CO, through a suspension of MgO and CaSQ,.2H,0. 
It was formed also when air was bubbled through a similar suspension, 
the experiment being conducted at 30° C near an open window in a 
large laboratory (804512 ft) with all gas burners shut off. The 
CO, concentration of the air used in this test was probably near that 
of the outside air. It would appear therefore that MgSO,.7H,O 
could be formed in plaster by the action of CO, and water on the con- 
stituents gypsum and hydrated dolomitic lime. 

While these reactions take place readily in solution, ideal conditions 
seldom exist for rapid reaction in ordinary plaster for two reasons. 
First, adequate amounts of water often are not present. Second, 
MgCO3.3H,O can not be formed in contact with Ca(OH), because 
they react, yielding insoluble Mg(OH), and CaCO;. This explains 
why MgCO;.3H.O is so rarely found in ordinary plaster. 

Since MgCO;.3H,0 is the intermediate product in the production 
of MgSO,.7H,O, Ca(OH), must be changed to CaCO, before MgSQ,. 
7H,O also can be produced. 

Obviously, equilibrium is seldom established throughout a plaster, 
and in obtaining a sample of efflorescence it is difficult sometimes to 
keep from contaminating the efflorescence with compounds that would 
not be present if equilibrium had been established, This accounts for 
the presence of Ca(OH), in the analysis of the efflorescence sample 
previously given, 


I} 
TI 


‘ Hydrates are indicated in the equation to avoid the impression that anbydrite and magnesite occur in 
pilaster, 
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4. EFFECT OF CARBON DIOXIDE AND WATER ON WHITE.-COa? 
SAMPLES 


Having demonstrated that MgO and CaSO,.2H,O, in a water 
suspension, can react with CO, to form MgSO,, an attempt was made 
to produce efflorescence on specimens of white-coat plaster. Prisms 
having the composition of white-coat plaster were prepared from 2? 
parts by weight of dolomitic hydrated lime and 1 part of calcined 
gypsum. Similar prisms were prepared from a high-calcium hydrated 
lime and calcined gypsum. ‘These specimens were then subjected to 
moisture and CO, by storing them in a closed cylinder over but not 
in contact with water and introducing CO, from a cylinder of com. 
pressed CO, gas until a pressure of 50 pounds per square inch was attained, 
The specimens were kept in the cylinder for a day and were then re- 
moved and allowed to dry in the laboratory. After 10 cycles of 
alternate treatments with moist CO, and dry air, a profuse efflorescence 
similar in appearance and composition to that found on plaster had 
developed in the specimens prepared with the dolomitic hydrated 
lime (fig. 1, specimens 440 to 447). No efflorescence, however, ap- 
peared on the identically treated specimens (457 to 459) containing high- 
calcium hydrated lime. 

Although efflorescence did not appear on the white-coat samples 
composed of a high-calcium lime and gypsum, it cannot be concluded 
that trouble other than efflorescence may not ensue when high-calcium 
limes are used, for it is a well-known fact that ultimately the continual 
presence of moisture is detrimental to almost any type of plaster. 


5. VOLUME CHANGES 


The disintegration of the white coat during efflorescence is not 
surprising if consideration is given to the large increase in volume 
accompanying the conversion of the plaster constituent MgO to 
MgSO,.7H,O. The following computed net volume increases, occur- 
ring with the production of the various magnesium compounds in 
the process, were obtained from the data in table 2: MgO to Mg(OH),. 
124 percent; MgO to MgCO;.3H,O, 585 percent; and MgO to MgSO, 
7H,O, 1,280 percent. Such large increases in volume account for 
the disintegration of the plaster, even though the change of MgO to 
MgS0O,.7H;,O may be incomplete. 


TABLE 2.—Molecular volumes of some compounds found in plaster and efflorescence 








1 


Molecular | 
volume | 


Molecular 


Compound weight Density 





g/ml 
ee 40. 32 3.7 
Mg(OH)s: 58. 34 2. 38 
MgC03.3H30 138. 38 1.85 
MgSO, : 2. 66 
Mg804.7H:0 | 1, 64 

















6. RECOMMENDATIONS RELATING TO PREVENTION OF 
EFFLORESCENCE ON PLASTER 


Moisture is essential for the formation of efflorescence on plaster. 
Even though efflorescence may not appear, moisture is very detri- 
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Efflorescence produced experimentally by the action of water and carbon 


dioxide on plaster sample a 
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mental to any plaster and leads to the disintegration of the plaster 
and to rotting of adjacent wood. In general, adequate protection from 
moisture over the greater portions of plaster has been considered in 
the design of buildings. Unfortunately, faulty design has resulted in 
certain areas of plaster becoming repeatedly moist. In such instances 
efllorescence appears. Plaster applied directly to outside masonry 
walls may become damp because of condensation of moisture. Furred 
walls should eliminate this source of trouble. The furring not only 
tends to keep the temperature of the plaster above the dew point but 
also diminishes the transfer of water from leaking walls to the plaster. 
Ventilation of insulated walls furnishes a means of escape for water 
accumulating in the cold insulation. Insulation containing moisture 
in contact with plaster produces conditions favoring the formation 
of MgCO3.8H,O and MgSO,.7H,O. Unless cold-water pipes passing 
through plastered walls are provided with sleeves, the condensed 
moisture may collect in the adjacent plaster and produce efflorescence. 


III. MAGNESIUM SULFATE EFFLORESCENCE ON CEMENT 
PRODUCTS 


Magnesium sulfate efflorescence has been observed also on cement 
mortar, cinder block, and other cement products. Since CaSO, and 
\ieO are among the constituents of cement, it is possible that they 
may react in the prescence of CO, and moisture to form MgSQ,. 

In order to determine the combined action of CO, and water in 
extracting MgO and SO; from a cement, CO, was bubbled through a 
water suspension of a cement and the solid phase analyzed. In 3 days 


the MgO content of the solid phase was reduced from 4.7 to 2.0 percent 
and the SO; content from 1.8 to 0.6 percent. 

Tricaleium sulfoaluminate, 3CaO.Al,0;.3CaSO,.31H,O, formed dur- 
ing the setting of cement contains CaSO, but is a much less soluble 
compound than gypsum, CaSQ,.2H,O. In experiments to determine 
if sulfate could be extracted from tricalcium sulfoaluminate, CO, was 
passed through a water suspension of this compound and the solids 
were examined microscopically. After a short time, the precipitation 
of Al(Oii),; and CaCO, indicated the decomposition of tricalcium 
sulfoaluminate had made available CaSO, for reaction with MgCO, 
3H,O. It was found also that the sulfoaluminate could be decomposed 
by bubbling air of normal CO, concentration through the suspension. 
It would appear, therefore, that MgSO, efflorescence might arise also 
from the reaction of CO, and water with the magnesia and sulfate- 
bearing compounds in cement. 

No attempt was made to produce efflorescence on cement experi- 
mentally. However, some interesting information was obtained from 
an investigation conducted by Rogers and Blaine [6], who reported 
on the efflorescence on mortars prepared from 41 commercial masonry 
cements. Their mortar specimens were immersed in water for 72 hours 
in order to determine the absorption. Such treatment would be 
expected to remove much of the readily soluble salts. The specimens 
were then placed on end in a tray of water to a depth of one-half inch. 
Observations for efflorescence at the end of 3 months were reported. 
The composition of the efflorescence was not determined. It isinterest- 
ing to note that their mortars showing no efflorescence had an average 
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MeO content of 5.9 percent, those with slight efflorescence 8.8 percent. 
and those showing pronounced efflorescence 19.7 percent.’ 

The amount of MgSO,.7H.O formed in cement products would be 
limited by the amount of sulfate or magnesia present. Magnesia 
might be extracted also by water and CO, from magnesium carbonate 
in the sand or aggregate. Magnesium chloride also might be formed 
from reaction of CaCl, with MgCO3;.3H,O. 


IV. SUMMARY 


Hydrated magnesium sulfate was identified as the principal con. 
stituent of efflorescence on plaster. Its formation was accounted for 
by reactions involving magnesia and gypsum in the plaster, CO. from 
the air, and moisture. This type of efflorescence was observed also 
on some cement products. 

Magnesium sulfate was produced experimentally by the action of 
CO, on a water suspension of MgO and CaSO,.2H,0. 

Hydrated magnesium sulfate efflorescence was formed on white- 
coat plaster specimens containing dolomitic hydrated lime and gyp- 
sum when treated with moist CO, and then allowed to dry. The 
disintegration accompanying the efflorescence was explained by the 
large volume changes involved in the formation and crystallization of 
MeCO,.3H,0 and MgSQ,.7H,0. 

If plaster is kept dry, no trouble with efflorescence is experienced, 
because moisture is necessary to transfer the salts to the surface and 
to take part in the reaction. Plaster, therefore, should be protected 
from moisture by keeping it above the dew point. Moisture accumu- 
lations from various sources, such as transmission through pervious 
walls and leaks from water and steam pipes, should be prevented. 

Magnesium sulfate also is found as efflorescence on conerete, 
possibly being derived from MgO and sulfate in the cement by re- 
action with CO, and water. The compound 3CaQ.Al,0;.3CaSQ,. 
.31H,0, a constituent of set cement is decomposed by C ‘O, and water, 
making the CaSO, available for reaction with MgCO,. 3H,0 to form 
soluble MgSQO,. 


The author is indebted to W. F. Clarke for the chemical evidence 
and to H. F. McMurdie for the X-ray evidence that nesquchonite 
occurs in plaster. 
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3 The chemical analyses for cements 38 and 39 are interchanged in table 1 of reference [6]. Also, the 80: 
reported for their sample 1 appears to have been determined on a sample that had been ignited with a blast 
lamp, which would result in the loss of SO; and alkalies. Redetermination of SO, on a sample not ignited 
gave 2.6 percent 
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STUDY OF THE SYSTEM CaO-Al,0;-H,O AT TEMPERATURES 
OF 21° AND 90° C 








By Lansing S. Wells, W. F. Clarke, and H. F. McMurdie 


ABSTRACT 

A study has been made of the system CaQ-A],03-H,O at temperatures of 21° 
190° C. Diagrams have been constructed showing the solubility relations of 
the various phases at these temperatures. The solid phases were investigated 
yy petrographical and X-ray diffraction methods. By means of X-ray diffrac- 
mn patterns, it was found that the so-called hexagonal tricalcium aluminate 
lrate is in reality a mixture of hexagonal 2Ca0Q.Al,03.8H,0 and hexagonal 
a0.Al,03.13H2O intercrystallized in equimolecular proportions, On standing 
“ room temper ature, dry dicaleium aluminate hydrate is slowly converted into the 
tetracalcium aluminate hydrate and hydrated alumina. Loss of water of hydra- 
tion in the tetracalcium eluminate hydrate results in a decrease in the unit cell 
ng the ¢ axis. Although the hexagonal di- and tetracalcium aluminate hy- 
drates exist only as metastable phases in the system between 21° and 90° C, their 
approximate solubility relationships were ascertained at 21° C. As the temper- 
ture increases, the hexagonal aluminates become less stable. ‘The only stable 
ises that occur in the system CaQ-Al,0;-H,O at atmospheric pressure over 
— range of 21° to 90° C are gibbsite (Al,03.3H,O), the isometric 
ium aluminate hexahydrate (3CaO.Al,0;.6H,O), and Ca(OH)... The 
sol bili ty curves of these three stable phases in the system CaQ-Al,0;-H,O were 
determined at 21° and 90° C. Over this temperature range, gibbsite is the st: ble 
phase up to a concentration of 0.33 g of CaO per liter; at concentrations greater 
than this, 3CaO.A1,03.6H,O is the stable phase until those points are reached at 
which Ca(OH), also appears as a solid phase. ‘The series of invariant points for 
bbsite and the isometric phase occur at a concentration of 0.33 g of CaO per 
* but with the concentration of Al,QO, inereasing from 0.02 g of Al,O3 per 

at 21° C to 0.11 g of Al,O3 per liter at 90° C. 
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I. INTRODUCTION 


The extensiveness of the literature pertaining to the hydrated 
calcium aluminates shows the scientific interest and technological 
importance which have been attached to these compounds. An 
experimental study of the system CaO-Al,0;-H,O should possess con- 
siderable practical value not only for its direct bearing on the setting 
of high-alumina cements (which are composed largely of anhydrous 
calcium aluminates) and portland cements, but also for possible 
applications in the fields of geology, soil equilibria, water purification, 
and the extraction of purified hydrated alumina from crude bauxite. 

The study of the system CaQ-Al,0,-H,O presents many difficulties, 
including: 

1. The existence of numerous highly hydrated compounds, the 
+ forces of the degree of hydration of which is often a problem in 
itself. 

2. The relatively low solubility of these compounds. 

3. The fact that most of the compounds are metastable, yet, once 
formed, persist over long periods of time. 

4. The close similarity in crystal habit and optical properties of the 
compounds occurring as thin hexagonal (or pseudohexagonal) plates. 

5. The necessity for the rigid exclusion of carbon dioxide of the air. 


II. GENERAL PROCEDURE 


Only by approaching equilibrium in a number of different ways can 
any conclusive results be obtained in a system of the type of Ca0- 
Al,O;-H,O in which a number of metastable phases occur. 

In order to study the phases that precipitate from supersaturation 
at 21° C, the first step was to prepare rather large quantities of 
metastable monocalcium aluminate solutions by shaking, for an hour 
or so, either anhydrous calcium aluminates less basic than tricalcium 
aluminate or alkali-free calcium aluminate cements with distilled 
water in the proportion of 50 g of solid to 1 liter of water. The mix- 
tures then were filtered rapidly through a Biichner funnel. Samples 
of the clear filtrates were taken at once for chemical analysis. By 
this procedure, as was shown in a previous publication [1],! metastable 
solutions which contained up to 2.4 g of Al,O; and 1.4 g of CaO per 
liter were obtained. 

These clear, filtered solutions were then mixed in various proportions 
with solutions of calcium hydroxide of known concentration in the 
preparation of several series of reaction mixtures containing at least 
2 liters of solution. Since precipitation of minute cyrstals started, 
in many instances, almost immediately upon the addition of the 


1 Figures in brackets indicate the literature references at the end of this paper. 
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calcium hydroxide solutions to the metastable calcium aluminate 
solutions, 1t was impossible to secure samples of the mixtures at this 
stace. But, inasmuch as care had been taken to measure out the 
volumes of the component solutions and to exclude CQ,, the initial 
compositions of the resultant mixtures were known accurately. The 
mixtures were set aside, for further observations, in tightly stoppered 
flasks in @ room maintained at 21°+1° ©. This same general 
procedure was followed in a previous study of the system CaO- 
SiO,-H,0 [2]. 

A separation of solid phases occurred rapidly at first, and then 
more slowly, as the solutions changed from unstable states to con- 
ditions more nearly approaching equilibrium. The mixtures were 
shaken from time to time to facilitate an approach to equilibrium. 
Small samples of the precipitated material were removed at intervals 
for microscopical examination to follow any change in the solid phases 
which might be occurring. By this procedure it became evident that 
a phase which first appeared, in turn, often disappeared with the for- 
mation of a new phase as equilibrium was approached. Obviously, 
the problem was to establish the boundaries of the fields where the 
various metastable and stable phases precipitated from solution. 

Having approached equilibrium by precipitation from supersatura- 
tion at 21° C, the next step was to determine whether the same 
equilibrium conditions could be attained from undersaturation. In 
these cases the solid phases were placed in calcium hydroxide solutions 
of varied concentrations, and the changes in both the aqueous and 
solid phases were followed. 

Attempts also were made to reach equilibrium by lowering the 
temperature of the mixtures from higher temperatures to 21° C. 

In all of these studies it was essential that the identity of the 
solid materials be established not only by chemical analysis, but also, 
whenever possible, by their optical properties. But, inasmuch as 
many of the products could not be identified definitely by optical 
means, it was necessary to obtain X-ray diffraction patterns. 

The same procedures, except as noted otherwise, were used in 
studying the system at 90° C as at 21° C. 

In the chemical analyses, the filtered solutions were made acid 
with hydrochloric acid, and the aluminum was precipitated as the 
hydroxide, redissolved, reprecipitated, and ignited to the oxide, 
according to Blum’s method [3]. The calcium was precipitated as 
the oxalate, ignited to constant weight in a platinum crucible over 
a Meker burner, and weighed as the oxide. The solid phases, unless 
otherwise stated, were washed with alcohol and ether and then 
dried over calcium chloride in a desiccator and analyzed chemically 
for lime, alumina, and water (loss on ignition). It was often pref- 
erable to make the analyses for alumina and lime on samples other 
than those used for the determination of loss on ignition, because 
heat converted a portion of the alumina toa form difficultly soluble 
in acids. Blank eleterminations for alumina and lime were made 
for the reagents used and the proper corrections were applied. 

Although these were the general procedures followed in this in- 
vestigation, it will be necessary, as the occasion arises, to give more 
specific details. 
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III. STUDIES OF THE SYSTEM CaO-Al,0;-H20 AT 21° ¢ 


HEXAGONAL HYDRATED CALCIUM ALUMINATES IN THE 
SYSTEM AT 21°C 


Consideration will now be given to the studies of the metastable 
hexagonal hydrated calcium aluminates,? leaving those pertaining 
to the stable isometric form and hydrated alumina for later dise ‘ussion, 

The results of the studies are being presented in several arbitr: arily 
_ n parts. The first deals primarily with the molar ratio, 

CaO/Al,O3, in the hexagonal hydrated calcium aluminates; the 
second with the water content of the products; the third with their 
optical properties; the fourth with their structure as revealed by X-ray 
data; and the fifth with a brief discussion of some conclusions which 
seem warranted. The real significance of the hexagonal hydrated 
calcium aluminates in the system CaQ-Al,0;-H,O can be appre- 
ciated only after the investigations of the other phases have been 
presented. 


(a) MOLAR RATIO, CaO/AlL:0:, IN THE HEXAGONAL CALCIUM ALUMINATES 


Table 1 gives data pertaining to the hexagonal hydrated calcium 
aluminates obtained by approaching equilibrium from supersatura- 
tion. Column 5 shows the time that elapsed between the preparation 
of the initial unstable solutions and the subsequent filtration oc- 
casioned by the appearance of microscopically detectable quantities 
of solid phases other than the hexagonal hydrated calcium aluminates. 
The time ranged from 1 to 309 days. In 22 of 48 preparations, this 
was less than 10 days. The molar ratios, CaOQ/Al,Os, in the precipi- 
tates, as given in column 9, were calculated from the differences 
between the compositions of the unstable solutions before precipita- 
tion (columns 2 and 3) and after precipitation (columns 6 and 7), 
The molar ratios—CaQO/AI,0O, (column 10) and H,QO/A1,0O; (column 
11)—were computed from direct analyses of the solid phases that 
had been dried over CaCl,. The indices of refraction of these solid 
phases (columns 12 and 13) were determined at the time the analyses 
were made. 

In figure 1 the compositions of the initial solutions are represented 
by closed circles. Broken lines from these points to open circles 
connect the initial and final compositions. The numbers accom- 
panying these lines give the molar ratios, CaO/Al,O3, in the precipi- 
tated hexagonal hydrated calcium aluminates as calculated from 
the differences in composition between the initial and final solutions 
(see table 1, column 9). 

A curve, ABD, has been drawn primarily to facilitate the dis- 
cussion of the solubility relations of these hexagonal hydrated calcium 
aluminates. Because the hexagonal aluminates were formed from 
supersaturation, it was felt that this curve should be passed through 
those points that indicated the more extensive precipitation rather 
than through the average of the points. D pertains to a composition 

2In this paper the plate form will be designated as the hexagonal form, since the crystals appeared 4s 
thin hexagonal plates. In general, the crystals were too small to obtain satisfactory interference figures 
with a petrographic microscope to determine whether the crystals were uniaxial, and hence actually hexag- 
onal. Thetendency to form hexagonal (or pseudohexagonal) plates was so marked that, in those instances 


in which the interference figures revealed tha t the crystals were biaxial negative, the hexagonal configura- 
tion of the plates still persisted. 
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faBLE 1.—Solubility relations pertaining to the hexagonal hydrated calcium alu- 
minates as ascertained by an approach from a state of supersaturation at a con- 
stant temperature of 21°C, together with the refractive indices of the hexagonal 
iminates thus formed. 
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* Time which elapsed between the preparation of the initial unstable solutions and the subsequent filtra- 
n occasioned by the appearance of microscopically detectable quantities of solid phases other than meta- 
stable hexagonal hydrated calcium aluminates. 
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at a concentration of lime somewhat greater than that of a solutioy 
in equilibrium with coarsely crystalline Ca(OH), as indicated by ( 
(equivalent to 1.15 g of CaO per liter). 
In general, the increase in lime in solution is accompanied by 
decrease in alumina, and a more or less gradual increase from 2 to 4 
in the molar ratio, CaO/Al,O;, in the solid phases. It is evident 
that there are no extensive sections along the curve ABD where the 
molar ratios, CaO/Al,O3, of the solid phases are exactly 2.0, 3.0, or 
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Figure 1.—Quantity of alumina in solutions of increasing lime concentrations that 
are saturated with respect to metastable hexagonal calcium aluminate hydrates 
containing lime and alumina in the molar proportions shown: temperature, 21° C. 


4.0, such as would characterize a series of separate and distinct 
solubility curves of a hydrated dicalcium, tricalcium, or tetracalcium 
aluminate. 

It is significant, however, that all the initial solutions having 
molar ratios, CaO/Al,O3, less than 2 gave rise to precipitates having 
molar ratios that approximated 2. Furthermore, although there was 
no instance in which the composition of the initial solution was 
exactly on the 2CaQ.Al,O;-composition line, yet, from experiment 
4 of table 1, it can be seen that the molar ratios, CaO/Al,O;, of the 
unstable initial solution, of the precipitated solid phase, and of the 
resulting solution were all very close to 2. 
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Initial solutions having molar ratios greater than 2.1 produced 
recipitates having molar ratios less than the respective original 
solutions. ‘Those initial solutions whose compositions were either on 
or iy close to the 3CaO.Al,0;-composition line (experiments 13, 
14,15, 16, and 21 of table 1) yielded solid phases whose molar ratios, 
( “0 ‘AL O03, were much less than 3 (ranging from 2.20 to 2.32). There 

vy be considered to be a small section on the curve ABD, where 
ty molar ratios, CaO/Al,03, of the solid phases precipitated were 
approximately 3, but the molar ratios of the initial solutions from 

which these solid phases precipitated were, in general, greater than 4. 

There is a somewhat longer section along the lower two- thirds of 
the curve from B to D, where the molar ratios, CaQO/Al1,0;, of the 
solid phases are close to 4, but the initial solutions from which these 
ie ses. precipitated were much more basic than a tetracalcium 

minate solution. 

Two explanations may be postulated for the rather gradual in- 

‘ease from 2 to 4 in the molar ratios, CaO/Al,O;, of the precipitates 
res ox. as the molar ratios of the initial solutions increase beyond 
21: (a) That the solubility data pertain to overlapping solubility 
curves of a series of separate hydrated calcium aluminates of simple 
molar ratios, which were not at equilibrium at the time of filtering; 

(b) that the curve represents the solubility of a solid-solution 
series Of hydrated aluminates varying continuously in molar ratio, 
(aQ/Al,0O3, from 2 to 4. The fact that these haxagonal phases are 
metastable makes it impossible to determine which of these explana- 
tions is correct, merely from these experiments, where the solid phases 
were precipitated from supersaturation. 

The next step was to approach equilibrium from a state of under- 
saturation, by piacing separately crystalline hydrated dicalcium and 
tetracalcium aluminates in calcium hydroxide solutions of increasing 
concentrations. Three series of mixtures were prepared, containing 
in each case, 2 g of the hydrated calcium aluminate per liter of solu- 
tion. In series A the dicalcium aluminate, which had been dried 
over CaCl,, had the molar composition 2.12CaQ.Al,03.6.39H,O. 
The dicalcium aluminate of series B was not dried over CaCl:, but 
was used within a few hours after its preparation. It was merely 
washed with alcohol and ether. This hydrate had the molar com- 
position 2.07CaQ.AI1,03.8.23H,O. Both of these preparations had 
slightly more lime than theoretically required for dicalcium aluminate. 
The hydrated tetracalcium aluminate used in the third series, C, was 
somewhat deficient in lime, since its formula computed from the 
analysis was 3.93CaQ.Al1,O3.11.72H,O. This product had been 
dried over CaCl, prior to analysis. The individual mixtures of the 
three series were shaken from time to time and filtered, as before, at the 
first appearance of a solid phase other than hexagonal aluminates. 

Table 2 contains data relative to these solubility experiments. 
Column 2 gives the concentration of the calc1um hydroxide solutions 
(expressed as grams of CaO per liter) to which the crystalline hydrated 
calcium aluminates were added. 

The manner in which the hydrated aluminates dissolved in the 
calcium hydroxide solutions of increasing concentrations is shown in 
figure 2. The points representing the compositions of the resulting 
solutions fall fairly well along the curve ABD, as transferred from 
figure 1, wherein equilibrium “had been approached by precipitation 
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from the unstable supersaturated aluminate solutions. The numbers 
accompanying the points refer to the numbers of the experiments of 
table 2. 

The behavior of the two preparations of the hydrated dicalcium 
aluminates (series A and B) was notably different from that of the 
hydrated tetracalcium aluminate (series C). 

The composition of the solution obtained when the 2.12CaO.Al.,0.,- 
6.39H,O product was added to water (experiment 1) lies on the 
2CaQO.Al,0;-composition line, slightly below the point at which the 
curve ABD intersects this line. This suggests that the hydrated 
dicalcium aluminate may at first dissolve congruently. But, inas- 
much as the 2.12CaQ.A1,03.6.39H,O product contained some alumi- 


4 ihe 





05. 06 07 08 
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Figure 2.—Composition of the solutions obtained by placing hexagonal hydrated 
dicalcitum and tetracalcium aluminates, respectively, in solutions of calcium 
hydroxide of increasing concentrations; maintained at a temperature of 21° C. 


nate more basic than dicalcium aluminate, there was an enrichment 
of the more basic aluminate in the remaining material, evidenced by 
an increase in molar ratio, CaO/AI,O;, of the solid from 2.12 to 2.34. 
Furthermore, the 2.07CaO.Al,0O3.8.23H,O preparation, when placed 
in a solution of calcium hydroxide containing 0.1 g of CaO per liter, 
appeared to dissolve along a path parallel to the 2CaO.Al,0;—com- 
position line (experiment 8). Likewise, the path of the 2.12CaQ.Al,0. 
6.39H,O preparation was approximately parallel to this line, start- 
ing from the point of 0.2 g of CaO per liter (experrment 2). At higher 
concentrations of calcium hydroxide, lime was removed from solution 
by both of the preparations of hydrated dicalecium aluminate, and 
the molar ratio, CaQ/Al,O3, of the resulting solid phases consequently 
increased. 
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2.—Solubility relations pertaining to the hexagonal hydrated calcium alumi- 
tes obtained from mixtures of hydrated di- and tetracalcitum aluminates, re- 
ectively, with calcium hydroxide solutions of increasing concentrations. 
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> Time which elapsed between preparation of mixtures and subsequent filtration occasioned by appear- 

if microscopically detectable quantities of solid phases other than metastable hexagonal hydrated 

im aluminates. 

t dried over CaCl, prior to determining molar ratio, H2O/A12Os, as in case of series A and C. 

On the other hand, the hydrated tetracalcium aluminate does 
not appear to dissolve congruently when placed in water (experiment 
13), sce the composition of the resulting solution does not he on the 
4CaQ.Al,0;-composition line. The molar ratio, CaQ/Al,O,, of the 
solid material was reduced to 3.33. The hydrated tetracalcium 
aluminate placed in the calcium hydroxide solution containing ).2 g 
of CaO per liter also gave up appreciable lime to the solution in excess 
({ that of the proportion of 4 CaO to 1 Al,O;, and, consequently, the 
molar ratio, CaQ/Al,O;, of the solid was reduced, this time to 3.49. 
At the higher concentrations of calcium hydroxide the hydrated 
tetracalcium aluminate dissolved with little or no change in molar 
composition. 

S ‘izing the results of the solubility experiments obtained at 

Summarizing the results of the solubility experiments obtained at 
this stage, several conclusions can be drawn. The molar ratio, 
CaQ/Ai,O,, of the solid phases when equilibrium was approached 
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from undersaturation corresponded fairly well with those obtained 
along the various segments of the curve ABD where equilibrium had 
been approached from supersaturation. Thus, solid phases having 
molar ratio, CaOQ/Al,O,, of 4, or approximately 4, were obtained at 
the higher concentrations of lime along ABD not only by an ap- 
proach to equilibrium from supersaturation (table 1 and _ fig. 1) 
but also by two approaches from undersaturation (table 2 and fig. 2), 
namely, when the hydrated tetracalcium aluminate had been placed 
in the more concentrated solutions of calcium hydroxide and when 
the hydrated dicalecitum aluminates had removed considerable lime 
from such solutions. The molar ratio, CaOQ/Al,O;, of the solid mate- 
rial was about 2 only at the lower concentrations of lime, but in this 
case the hydrated tetracalcium aluminates did not yield such a product, 
The significance of these solubility experiments will become clearer 
after consideration has been given to the findings of the X-ray studies, 


(b) MOLAR RATIO, H:;0/Al,0;, IN THE HEXAGONAL CALCIUM ALUMINATES 


One has but to review the literature on the hexegonal hydrated 
calcium aluminates to realize that there is a difference of opinion as 
to their exact water content. 

The difficulties involved in determining the water content of the 
plate forms become apparent merely from a consideration of the 
nature of these crystalline compounds. In the first place, these 
aluminates are made up of very thin layers of hexagonal (or pseudo- 
hexagonal) plates and are highly hydrated. Furthermore, a portion 
of the water is readily lost even at relatively high humidities |13}. 
One is always in doubt, therefore, whether the water so lost may have 
been (1) absorbed water, because thin crystals of this character have 
such large surfaces, (2) water between the laminas of the crystals, or 
(3) water of crystallization. The presence of either absorbed water or 
water between the laminas of the crystals as a possible source of error 
in the determination of the refractive indices of the plate forms has 
been pointed out in a previous publication [1] and, more recently, 
has been mentioned by other investigators. Obviously, the drying 
of these crystals should have as its objective the removal of the 
absorbed water and water between the laminas as completely as 
possible without the loss of any of the water of crystallization. As- 
sarsson [4, 5, 6, 7] washed his samples with a little water, then with 
alcohol (or acetone), and finally with ether, and omitted further 
drying prior to analysis. Others have used various methods of dry- 
ing. As stated previously, the hydrates in the present investigation 
were, for the most part, washed with alcohol and ether, and then were 
dried at room temperature in a desiccator containing CaCl). 

This method may be open to criticism (as may also many other 
methods of drying) in that there is no assurance that some of the 
water of crystallization may not have been lost. Accordingly, in 
some instances, which will be mentioned subsequently, the samples 
were not dried over CaCl. 

The molar ratios, H,O/Al,0;, in the hexagonal hydrated calcium 
aluminates, as determined from loss on ignition, are given in column 
11 of table 1 and column 12 of table 2. It can be seen from these 
tables that, in general, the molar ratio, H,O/Al,03, increased with an 
increase in the molar ratio, CaO/A],O3. 
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Figure 3 shows the molar ratios, H,O/Al,0;, plotted against the 
molar ratios, CaO/AI,O3, not only for these hexagonal hydrated cal- 
ejum aluminates dried over CaCl, (differentiated by closed circles), 
hut also for similar ratios calculated from data of other investigators, 
‘neluding Assarsson [4, 5, 7], Pic ions [8], Thorvaldson, Grace, and 
Vigfusson [9], Koyanagi [10], § Salmoni [11], Lafuma [12], Bessey [13], 

Kibl, Thilo, and Chi Yi [14], Pulfrich and Linck [15], MacIntire 
a Shaw (16], and Travers and Sehnoutka [17]. 

The hydrates prepared by Assarsson (open circles) likewise show 
that an increase in molar ratio, CaO/AI,Os;, is attended by an increase 
in molar ratio, H,O/Al,0O;. But, almost invariably, his products, 
which were not dried, contained more water than those dried over 
CaCl, in this laboratory. 

With few exceptions the points representing the compositions of all 
of the preparations are contained in a field bounded by the following 
limits: 


2CaO.Al,03.9H,0——4Ca0.Al,03.14H,O 


2Ca0.Al,03.5H,0O——4CaO. Al,03.12H,O 


(c) OPTICAL PROPERTIES OF THE HEXAGONAL CALCIUM ALUMINATES 


Microscopical examination of samples of the materials from the 
mixtures of calcium aluminate and calcium hydroxide solutions 
showed the presence of flat hexagonal plates or spherulites consisting 
of radiating aggregates of these crystals. Usually the individual 
plates were so small that satisfactory interference figures could not 


be obtained to determine whether the crystals were uniaxial or biaxial. 
Consequently, the refractive indices given in columns 12 and 13 of 
table 1 are recorded as those of w and e, respectively. 

There are no very marked differences in the refractive indices of 
these hexagonal hydrated calcium aluminates, especially those of e. 
The w indices of the dicalcium aluminates were, however, lower than 
those of the tetracalcium aluminates. Inasmuch as the refractive 
indices of certain of these products, differing considerably in chemical 
composition, are nearly identical, the differentiation of the plate 
forms by microscopical means was difficult. 

Table 3 gives data obtained by various investigators on the plate 
forms of the hydrated calcium aluminates for which the molar ratios, 
CaO/Al,O3, were fairly close to 2, 3, and 4. The methods of washing 
and drying the products differed markedly, and the moles of H,O per 
mole of 2CaQ.Al1,O; and of 3CaQ.Al1,O; ranged from 5 to 11.3 and from 
7 to 12.5, respectively. Where refractive indices have been reported, 
the values of w and ¢ are recorded, and in these cases the optical 
character has been stated to be uniaxial negative. In most instances, 
the water content of the dicalcium aluminates listed in table 3 was 
higher, and the refractive indices were lower than for the dicalcium 
aluminates given in table 1. 

519080—43-——-3 
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The water content of the hydrated tetracalcium aluminates has 
been reported as varying only from about 12 to 14H,O. Furthermore, 
the optical character of these aluminates had been given variously as 
uniaxial and biaxial negative.’ In addition to those of other investij- 
gators, data are given in table 3 for a biaxial form * which has been 
prepared in this laboratory. The properties of the mineral hydro. 
calumite are also included. 

The refractive indices of all of the artificially prepared tetracalcium 
aluminate hydrates having 12.0 moles of H,O are lower than those of 
the mineral hydrocalumite found in altered intrusive contact-rocks 
in Ireland and described by Tilley, Megaw, and Hey [26]. Bessey 
[13] suggests that the high 1efractive indices may be explained on 
the basis that the mineral contained 1.8 percent of carbon dioxide, 
probably held in solid solution, since he prepared a tetracalcium 
-arbonato-aluminate of the formula 


4Ca0.Al,03.CO,.11H,0 (or 3CaO.Al,03.CaCO;.11H,0), 


which had indices of refraction of w=1.552 +0.003. and e=1.532 
+0.003. He is of the opinion that a small amount of this compound, 
by this solid-solution formation, may influence the structure of the 
tetracalcium aluminate hydrate and thus have a bearing on the 
indices observed by others. Bessey does not state whether the 
carbonato-aluminate is uniaxial or biaxial in optical character. 


(d) X-RAY DIFFRACTION PATTERNS OF THE HEXAGONAL CALCIUM ALUMINATES 


In order to study further the relationships of the various hexagonal 
forms of the hydrated calcium aluminates, X-ray powder patterns 
were made by means of copper radiation. The cylindrical cameras 
had a radius of about 52 cm. The radiation was filtered with nickel 
foil, and the camera radius was calibrated with NaCl. 

Patterns were first made on eight freshly prepared samples, whose 
compositions ranged from about 2CaQ.Al,03.8H,0 to about 4Ca0. 
Al,O3.13H,0,° as shown in table 4. 

The indexed interplanar spacings and relative intensities of the 
lines of sample 1 (2.04CaOQ.AI,03.7.92H,O) are given in table 5. 
The lines appear to be those of a compound having an hexagonal 
unit cell in which a=8.8 A and c=10.6 A. 


3 In those eases in which the crystals are biaxial negative, the indices of refraction are differentiated 
parenthetically in table 3 as (7) and (a) instead of w and e, respectively, which pertain to the uniaxial crys- 
tals. In two instances the #8 index is also included, 

4 This particular preparation of tetracalcium aluminate hydrate was obtained by adding to a highly 
supersaturated monocalcium aluminate solution a quantity of freshly ignited CaO in excess of that required 
to combine with the alumina for the formation of a tetracalcium aluminate, and, in addition, to somewhat 
more than saturate the solution with regard to Ca(OH). The resulting Ca(OH): formed as a solid phase 
was then dissolved by replacing portions of the saturated solution of the mixture by water until the concen- 
tration of ealeium hydroxide in solution was decreased to a value slightly under that at saturation. The 
crystals of the aluminate were then allowed to develop for slightly over 3 years. After filtering, the crystals 
were washed with alcohol and ether and dried in a desiccator containing CaCl. Analysis of this preparation 
gave the composition 41.3 percent of CaO, 19.1 percent of Al2O3, 39.6 percent of H20, corresponding to the 
ratios: 3.93CaO:1.00Al203:11.72H20. Microscopical examination revealed the presence of a few percent of 
the isometric tricalcium aluminate, 3CaO.Al2.03.6H20, as well-formed rhombic dodecahedrons. From 
subsequent discussion it will become evident why it is difficult to grow well-formed crystals of the hexagonal 
forms free of the isometric modification. Optical examination by H. Insley, National Bureau of Standards, 
of this hydrated tetracalcium aluminate showed the presence of platy crystals of hexagonal outline, with the 
acute bisectrix perpendicular to the plane of the plates. The indices of refraction (with indices of the refer- 
ence liquids checked on the refractometer at the time of measuring) were: y=1.542+0.003, B=1.538+0.003, 
and a=1.522+0.003; 2E (measured) was 60°+-5°; with 2V (calculated from 2E) =38° and 2V (calculated from 
indices) = 25°. 

5 The indices of refraction of the products having compositions close to 2CaO.Al203.8H20 were: #=1.51! 
+0.003, e=1.509-+-0.003; values agreeing fairly well with those reported by other investigators and listed | 
table 3. Satisfactory optical properties were not obtained with the other freshly prepared samples, give 
in table 4, because they were very finely divided. 
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TaBLE 4.—Composition of freshly prepared samples of hexagonal hydrated calcium 
aluminates, before and after dr ying o over CaCl, 





Molar ratio, | Molar ratio, 

at Ba Molar ratio, H20/Al2,03 H20/A1203 

Experiment CaQ/Al,0O3 | (freshly pre- (after dry- 
pared) ing) 


7.92 5.85 
| 7.96 | 5.41 
| 8.10 eee : 
| 8.44 6.12 

| 


ore OO ND 


9.05 7. 92 
10. 91 | 9. 09 
13.68 | 11.60 
12. 60 | 11, 23 


TasLE 5.—Interplanar spacings and estimated relative intensities of hexagonal 
2CaO.Al,03.8H20 


[VS, very strong; M, medium; S, strong; W, weak] 











Estimated : Estimated 
| Intensity | Intensity 





2.11 

1. 955 
1, 835 
1. 667 
1. 591 


| 


In table 6 are similar data for example 8, of a composition near 
4CaQ.Al,03.13H,O. Here the lines appear to result from an hex- 
agonal cell in which a=8.8 A and c=8.2A. In these two compounds 
(2CaO.Al,03.8H,0 and 4Ca0.Al,05.13H,0) the length of the a axis 
is very nearly the same. 

In both samples the strong intensities of the 001 lines and the plate 
habit lead to the probability that the hexagonal calcium aluminates 
are built up of hexagonal Ca(OH), and Al(OH); layers with H,O 
between them, as suggested by Brandenberger [27]. 

If, for the purpose of discussion, the formulas are written in the form 
of hydroxides, 2CaO.Al,03.8H,O becomes 2Ca(OH),.2Al(OH)3.3H,0, 
whereas 4CaO. Al,O3.13H,O becomes4Ca(OH),.2Al(OH )3.6H,O. Divid- 
ing this last formula by two, it becomes 2Ca(OH),.Al(OH)3.3H,0. 
The densities of the compounds in this series have been reported as 
ranging from about 2.0 to 2.1 [9, 13]. These densities and the unit- 
cell sizes would give two ‘‘molecules” to a unit cell. Thus, for the 
dicalcium aluminate hydrate, the cell content is 4Ca(OH),.4Al 
(OH)3.6H, .O, and for the tetracalcium aluminate hydrate, the cell 
content is 4Ca(OH),. 2A1(OH)3.6H,O. It is evident, therefore, that 
the difference between the content of one unit cell and the other is 
2Al(OH);, and, since the difference in length of the two cells is 2.4 
A, it may be assumed that one layer (containing 2Al(OH);) has the 
thickness of 2.4 A. 

The X-ray powder patterns of the samples with compositions 
intermediate between the above compounds gave lines of both cells. 
The relative intensities of the 001 lines (at 10.6 and 8.2 A) were in the 
proper relation to the compositions to indicate the presence, in all 
cases, of appropriate proportions of the two compounds—2CaO.Al,Os3. 





384 Journal of Research of the National Bureau of Standards 


8H.O and 4Ca0Q.Al,0;.13H,O. Thus, sample 6, of table 4, with g 
molar ratio, CaO/Al:Os, of 3.15 gave a pattern in which the two 001 
lines were of almost equal intensity. Consequently, it appears that 
the so-called hexagonal tricalcium aluminate hydrate, which has been 
assumed to be a definite compound by many investigators, is in reality 

not a separate compound but a mixture of the hexagonal hydrated 
dicalcium and tetracalcium aluminates in equal molecular proportions, 


TaBLE 6.—Interplanar spacings and estimated relative intensities of hexagonal 
4CaO. Al,03.13H20 


| VS, very strong; VW, very weak; M, medium; W, weak] 


| 








Estimated | 
intensity 


Estimated 
| intensity | 





| 
| 
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| 
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It should be recalled that the hexagonal hydrated calcium alu- 
minates, as a group, exhibit a similarity in optical properties. The 
indices of refraction of the various samples, in general, increased as the 
molar ratio, CaO/Al,O;, increased. Despite the fact that the X- -ray 
patterns indicate the presence of two crystalline compounds in cases 
in which the molar ratio, CaO;Al,Os, is intermediate between 2 and 4, 
nevertheless, the products appeared microscopically to consist of only 
one compound. It is believed, therefore, that the hydrated dicalcium 
and tetracalcium aluminates, being of very similar structure parallel 
to the a axis, can intercrystallize and give masses which are made up 
of layers of the one compound so intimately mixed with layers of the 
othe: that the average indices of refraction are obtained. 

It has been remarked in the literature that all these hexagonal 
hydrated calcium aluminates have a “family resemblance’”’ in respect 
to their X-ray powder patterns. In most cases the methods used for 
obtaining the patterns were such that they did not record lines of 
interplanar spacings greater than 3 A. Since the lines with large 
spacings were not obtained, the strongest lines appearing were hko 
lines, and, since the spacings of such lines are functions only of the 
length of the a axis, they are in the same position in the dicalcium and 
tetracalcium aluminates and mixtures thereof. 

A second series of patterns was made on samples of hydrated cal- 
cium aluminates of molar ratios of lime to alumina almost identical 
with those reported above. In this case, however, the samples had 
been stored in stoppered vials for 2 to 3 years. The losses on ignition 
of the samples were practically unchanged from those obtained when 
freshly prepared, but the indices of refraction had increased, especially 
for those products of low molar ratios of lime to alumina. After 
storage, the materials all had indices of refraction typical of hydrated 
tetracalcium aluminate, and the X-ray diffraction patterns, in all 
cases, were those of hexagonal tetracalcium aluminate hydrate. 
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Therefore, on standing, 2CaO.Al,0;.8H,O0 breaks down according 

to the equation: 

2Ca(OH)2.2Al1(OH)3.3H,O—-2Ca(OH),.Al(OH)3.3H,0 + Al(OH). 
Thus, the one extra layer of Al(OH); separates out of the crystal, 
and, since no extra lines are present in the pattern, the Al(OH); may 
be assumed to be amorphous. 

A portion of each of the eight samples that had been examined 
when freshly prepared (table “4) were stored in open dishes over 
CaCl, in a desiccator for 3 weeks, and the losses on ignition were 
then redetermined. The water content in the 2CaQ.Al,0;.8H,O0 
compound had dropped to about 6 moles. In the composition 
4CaQ.Al,03.13H,O the content of HO after dry storage was 11.23 
moles. Preparations of intermediate compositions had lost water 
proportionately. 

X-ray diffraction patterns were made on these dried samples. 
The sample with composition 4CaQ.Al,03.11.23H,O had a pattern 
very similar to that of the freshly prepared compound with about 
13 moles of H,O. There was, however, a slight but definite decrease 
in the size of the unit cell along the ¢c axis. The dried material had 
ac axis of about 8.1 A in length. All samples of lower molar ratios, 
CaQ/Al,0;, had broken down almost completely to the tetracalcium 
ee just as had those stored for several years, in 
closed vials. 

Although the X-ray diffraction patterns showed that the dicalcium 
aluminate hydrate dissociated into the tetracalcium aluminate hydrate 
and amorphous hydrated alumina on storage in the dry state, it is not 
known from this investigation whether this conversion occurs in 
contact with the calcium aluminate solutions. Bessey states, in 
his discussion of an article by Biissem [28], that 2CaQ.Al,0;.8H,O 
in contact with its saturated solution in water is converted to the 
tetracalcium compound without recrystallization or change in crystal 
form, but with liberation of hydrated alumina. He also states that, 
in contact with solutions of higher lime concentration, the dicalcium 
aluminate hydrate is converted to the similar tricalcium or tetracalcium 
compound, again without disturbance of the existing crystals. Bes- 
sey, however, does not give the direct experimental evidence on which 
he based his assertions. The X-ray data of the present investigation 
have shown no evidence for the existence of a hexagonal hydrated 
tricalcium aluminate. The conversion of the dicalcium aluminate 
into the tetracalcium aluminate when kept in contact with solutions 
of higher lime concentrations, is, however, confirmed. 

The relation of these compounds to the natural mineral hydro- 
calumite (4CaO.Al,0;.12H,O) [26] is not clear. This mineral is 
monoclinic and appears to be made up-of alternate layers, just as 
seems to be the case in these hexagonal compounds. The cell 
characteristics a=9.6 A, b=11.4 A, c=16.84 A, B=69° are not 
similar to the hexagonal compounds considered here. 


(e) DISCUSSION OF THE HEXAGONAL CALCIUM ALUMINATES 


From the X-ray studies of the relations of the hexagonal hydrated 
calcium aluminates, it is now evident that of the two explanations 
formerly postulated for the more or less gradual increase in the molar 
ratio, CaOQ/Al,0;, in the aluminates along the curve ABD of figure 1, 
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the first, namely, that the solubility data pertain to overlapping 
solubility curves of separate hydrated aluminates (2CaO.Al,0;.8H,0 
and 4CaQ.Al,O;.13H,O), is more valid than the second—that in- 
volving a solid-solution series. If this ‘curve’ is now reexamined, 
it will be noted that there is a limited section where the molar ratio. 
CaOQ/Al,0;, is perhaps close enough to 2 to warrant the conclusion 
that this applies primarily to the dicalcium aluminate hydrate. Like- 
wise, at the higher lime concentrations there is a section which might 
be ascribed as pertaining mainly to the solubility of the hexagonal] 
tetracalcium aluminate hydrate. The portion between these two 
sections may logically correspond to that region where the two 
aluminates markedly intercrystallize because of the close similarity 
of their crystal structures. That no evidence of the existence of a 
hexagonal hydrated tricalcium aluminate was obtained in this study 
lends weight to this argument. 

If these explanations are correct, there should be a metastable 
invariant point (since both hexagonal aluminates, as will be shown 
later, are metastable with regard to the isometric aluminate 3CaO.Al,0,, 
6H.O) where the solution is saturated with respect to both the 
dicalecium and tetracalcium aluminates. But, in view of the extreme 
difficulty in obtaining equilibrum, it may not be found possible to 
trace the metastable curves individually with sufficient accuracy 
to establish this point. Notwithstanding, it is believed that the 
metastable invariant point, 2C aQ.Al,03.8H,O, 4CaO.Al,0;.13H,0, 
and solution, lies somewhere between 0.5 and 0.6 g of CaO and 
0.10 and 0.15 g of Al,O; per liter. At concentrations of lime 
greater than that at the invariant point, the solutions in metastable 
equilibrium with dicalcium aluminate appear to be supersaturated 
with respect to the tetracalcium aluminate, and, consequently, the 
mixture is predominantly composed of the tetracalcium aluminate, 
whereas at the lower concentrations of lime the reverse seems to hold. 
There should also be a second metastable invariant point for 4Ca0 
Al,03.13H,0, Ca(OH)., and a solution containing about 1.15 g of CaO 
per liter and somewhere between 0.005 and 0.01 g of Al.Os; per liter. 

The point of intersection of the curve ABD with the 2Ca0O.Al.0,- 
composition line gives a value slightly higher than that suggested by 
Bessey [13] for the solubility of 2CaQ.Al,0;.8H,O, as well as that 
found in this study where equilibrium was approached from under- 
saturation. 

The relation of the biaxial form (or forms) of the tetracalcium 
aluminate to the uniaxial hexaginal modification in the system 
CaO-Al,0;-H,O at 21° C warrants further study. 


2. TRANSITION OF THE HEXAGONAL HYDRATED CALCIUM ALUMI- 
NATES INTO THE ISOMETRIC TRICALCIUM ALUMINATE HExX- 
AHYDRATE, 3Ca0O.Al,.0;.6H,0, IN THE SYSTEM AT 21° C 


Attention will now be directed to the changes which took place 
when the mixtures of calcium aluminate-calcium hydroxide solutions 
were not filtered at the first appearance of phases other than the 
metastable hexagonal hydrated calcium aluminates. The first of 
these changes to ‘be considered will be the tfansition of the hexagonal 
forms into the isometric tricalcium aluminate hexahydrate, 3CaO. 
Al,0;.6H,O. This crystalline hydrated aluminate can be recognized 
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readily with a microscope by its refractive index, which is close to 
1.605. Well-formed icositetrahedrons or rhombic dodecahedrons 
having this index were observed in 1928 by one of the present authors 
in a previous study of the reaction of water on the calcium aluminates 
[1]. However, as the crystals were associated with other phases, 
the ‘vy were not recognized. as being the compound 3CaOQ.Al.0;.6H.O 
that had been noted by Allen and Rogers [22] as early as 1900. After 
the careful investigation of Thorvaldson and Grace [29], there was no 
doubt concerning the identity of the crystals previously observed. 

By following the changes in the crystalline phases, it was noticed 
that the isometric ¢ rystals grew at the expense of the hexagonal forms. 
(fter appreciable quantities of the isometric crystals had been formed, 
several of the mixtures were filtered, and the solid phases and result- 
ing solutions were analyzed to ascertain the region in the diagram 
where the changes were taking place. 

Figure 4 shows this region, together with the curve ABD (pertaining 
to the hexagonal hydrated aluminates) which has been transferred 
from figure 1. The closed circles give the compositions of the initial 
unstable calcium aluminate solutions, and the open circles containing 
crosses, the compositions of the resulting solutions following par- 
tial transformation of the hexagonal phases into the isometric 
3CaO.Al,03.6H,0O. Although the numbers accompanying the lines 
connecting these points give the molar ratios, CaO/AI,O3, in the solid 
phases thus formed, the connecting lines do not reveal the actual 
paths of precipitation except in those instances in which these ratios 
remain as 3. Thus, it can be seen from figure 1 that for the hexagonal 
aluminates this ratio was approximately 3 along that section of the 
curve ABD where the concentration of lime ranged from about 0.5 to 
about 0.6 g CaO per liter. From figure 4, it is apparent that, as the 
formation of the isometric aluminate carried the precipitation beyond 
that section of the curve ABD, the precipitation continued along 
paths closely parallel to the 3¢ ‘20. Al,O;-composition line. 

The molar ratio, CaOQ/AI,O;, of the hex agonal aluminates was less 
than 3 along that section of the curve ABD of figure 1 where the con- 
centration of lime was less than 0.5 g of CaO per liter. As the isometric 
was formed in this region, this molar ratio of the solid phases increased 
to about 3 (fig. 4). “Such an increase could take place only by a re- 
moval of lime from solution. This, coupled with the fact that the 
hexagonal phases are metastable with respect to the isometric phase, 
resulted in the solutions moving away from the curve ABD, but at 
slopes different from those of the connecting lines of figure 1. 

On the other hand, the conversion of the hexagonal aluminates 
having molar ratios greater than 3 (at lime concentrations greater 
than 0.6 g of CaO per liter along ABD of fig. 1) into the isometric 
3Ca0.Al,03.6H,O must, at first, have liberated lime to the solutions. 
But, since the solubility of the hex: agonal aluminates decreases in this 
region as the concentration of lime in solution increases, the tendency 
would be for the solutions to change in composition along this section 
of the curve ABD. Figure 4 shows that in three instances (those 
wherein the molar ration, CaO/Al,O;, of the solid phases were 3.24, 
3.34, and 3.58) the compositions did remain on this curve. In four 
other instances, where the conversion of the hexagonal aluminate to 
the isometric was more complete, the continued formation of the more 
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stable 3CaO.Al,0;.6H,O eventually carried the precipitation beyond 
the curve ABD. 

Because appreciable quantities of the hexagonal forms of the hy- 
drated calcium aluminates still persisted in the solid phase of the 
reaction mixtures which had been filtered, the remaining unfiltered 
mixtures were set aside to permit the further transformation into the 
isometric modification to proceed more nearly to completion. The 
object in view was to construct a solubility curve for the isometric hy- 
drate. In the meantime, a considerable quantity of 3CaO.Al,0;.6H,0 
was prepared and placed in calcium hydroxide solutions of increas- 
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Figure 4.—Composition of the calcium aluminate solutions resulting from partial 

transformation of the metastable hexagonal hydrated calcium aluminates into the 

stable isometric tricalcium aluminate hexahydrate 3CaO.Al,03;.6H20 at 21° C. 


ing concentrations to approach equilibria in this manner. Considera- 
tion will now be given to the results of these experiments. 


3. ISOMETRIC TRICALCIUM ALUMINATE HEXAHYDRATE, 
3Ca0O.Al,0;.6H,O, IN THE SYSTEM AT 21° C. 


The isometric hexahydrate 3CaO.Al,0;.6H,O was prepared, in a 
platinum dish, by direct hydration of anhydrous tricalcium aluminate 
with saturated steam at 177° C (equivalent to a pressure of 150 Ib/in.’) 
following the general procedure described by Thorvaldson and Grace 
[29]. Despite the fact that the preparation was steamed twice, it 
still contained a small quantity of the hexagonal phase, estimated 
microscopically to be 1 percent or less. ‘T'he index of refraction of the 
isometric hydrate was very close to 1.605. 
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Two series of reaction mixtures that contained, in each instance, 
1 ¢ of the isometric hydrate per liter of a clear solution of calcium 
hydroxide were then prepared. The concentration of the calcium 
hydroxide solutions ranged from the equivalent of 0.0 to 1.296 g of 
CaO per liter. The mixtures, which were placed in tightly stoppered 
flasks, were shaken from time to time to facilitate approach to equilib- 
rium. One series was maintained continuously at a temperature of 
21° C, and the second was first heated on a steam bath for several 
hours and then slowly cooled for several hours to the same constant 
temperature. At intervals of 1 to 3 months, depending upon the 
changes occuring, aliquots of the filtrates from separate reaction 
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FicurE 5.—Solubility relationships of isometric tricalcium aluminate hexahydrate, 
3Ca0.Al,03.6H20, in the system CaO-Al,03-H2O at 21° C. 


mixtures were taken, until successive analyses indicated that equi- 
librium had been attained, as evidenced by no successive change in 
the concentration of dissolved alumina or lime greater than that 
which could be ascribed to the limits of the accuracy of the analytical 
procedure. 

Data pertaining to these solubility determinations are given in 
table 7. In figure 5 the quantity of alumina in solution is plotted 
against the lime in solution, and a curve, EFG, is drawn through these 
points. The open circles pertain to the solubility values obtained at a 
constant temperature of 21° C, and the closed circles to those where 
equilibrium was approached from a higher temperature. The figure 
also shows a portion of the curve ABD representing the solubility 
of the hexagonal hydrated calcium aluminates, as transferred from 
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figure 1. In addition, there are shown seven instances (indicated by 
crosses) Where the solubility curve of 3CaO.Al,0;.6H,O was approached 
from supersaturation. Although the imversions of the hexagonal 
forms into the isometric had proceeded further than in the examples 
shown in figure 4, nevertheless, they were still incomplete in several 
instances, despite the fact that these particular mixtures had stood 
for over a year. 


TABLE 7.—Solubility of isometric tricalcium aluminate hexahydrate, 
3CaO.Al,03.6H2O, at 21° C 


[Obtained from mixtures containing 1 g of 3CaO.Al203.6H20 per liter of both water and aqucous solutions 
of calcium hydroxide] 


Composition of final 
solutions Time to ap- 
proach equi- Equilibrium approached 
librium 


Composition 
of caleium 
hydroxide 
solutions AbOs CaO 


Experiment 


g of CaO/liter g/liter g/liter Days 

0 0. 140 0. 190 236 | Decreasing temperature to 21° 

0 131 1 . 208 516 | At 21° C continuously. 
. 100 . 090 . 223 108 | Decreasing temperature to 21° 
200 040 . 255 509 | At 21° C continuously. 
. 259 . 040 . 285 260 | Decreasing temperature to 21° C 
350 .013 . 361 509 | At 21° C continuously. 
389 . 020 315 478 | Decreasing temperature to 21° C 
. 400 O17 . 398 89 | At 21° C continuously. 
_ 518 . 009 504 89 Do. 
648 002 . 632 8&9 Do. 

. 758 001 747 89 | Do. 
007 001 884 | 89 Do. 

1. 037 . 0008 . 990 8&9 Da. 


1. 296 . 0003 1. 256 89 Do. 
| | 


Lea and Bessey have determined the solubility of 3CaO.A1,03.6H,O 
in calcium hydroxide solutions of increasing concentration at a tem- 
perature of 25° C, and their curve, as presented by Bessey [13], is 
reproduced in part in figure 5. It is not extended beyond the con- 
centration of 0.7 g of CaO per liter, since it apparantly coincides at the 
higher concentrations of lime with the curve obtained in this study. 
At concentrations less than 0.7 g of CaO per liter, it deviates some- 
what from the latter, indicating lower solubilities. The curve as 
originally drawn by Lea and Desch [30] has not been transferred to 
figure 5, but it lies between the two curves shown. 

The point designated by the letter Z on the 3CaO.Al,03-composition 
line locates the solubility of the compound 3CaQ.Al,03.6H;O as given 
by Bessey, as well as the ascribed invariant point 3CaQ.Al,03.6H,0- 
Al,O3.aq. 

Small quantities of an additional phase (very likely hydrated 
alumina) were found in the mixtures which had less than 0.3 g of CaO 
per liter (table 7, experiments 1 to 5, inclusive). The mean refractive 
index ranged from about 1.56 to 1.58, which is distinctly less than 
1.605, the index of 3CaQ.Al,0;.6H,O. At concentrations of lime 
greater than 0.35 g of CaO per liter, this material was absent. The 
reason for its presence from F to F and absence from F' to G along the 
curve EFG of figure 5 will become more evident following the discus- 
sions of the role of hydrated alumina in the system CaO-Al,O;-H,0. 

Thorvaldson, Grace, and Vigfusson [9] found that the compound 
3Ca0.Al,03.6H,O dissolved to the extent of 0.246 and 0.268 g of 
anhydrous tricalcium aluminate per liter of water at temperatures of 
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21° and 40° C, respectively. The solubility at 21° C is equivalent to 
0.153 g of CaO and 0.093 g of Al,O; per liter, and this value is plotted 
herein as a closed triangle symbolized by the letter 7’ in figure 5. This 
point falls on the 3CaQ.A1,O3-composition line. 

Nacksen and Mosebach [31] have reported the solubility of the 
isometric hexahydrate as being 0.6774 g of CaO.Al,O, per liter at a 
temperature of 23° C; a value over twice that of any of those men- 
tioned. Their value, which is the average of several separate deter- 
minations, is plotted in figure 5 and is represented by the symbol N-1. 
Note that it falls on the curve showing the solubility of the hexagonal 
hydrated calcium aluminates. 

‘In their determinations, Nacken and Mosebach shook anhydrous 
tricalcium aluminate (actually 2.93 CaO.A1,03) with water for periods 
as long as 2 months. It is well known that when tricalcium aluminate 
is hydrated with water hexagonal crystals are formed which, more or 
less rapidly, depending on the temperature, change to the isometric 
form. Nacken and Mosebach commented on the silky appearance 
usually characteristic of the platy hexagonal crystals) of their mix- 
tures during the first few days of shaking and showed that the dissolved 
CaO plus Al,O; was greater than 0.6774 g per liter, the average value 
obtained by shaking for about 2 months. In one instance it reached 
a value of 0.7792 g per liter. These higher solubility values lie in the 
region above that of the hexagonal solubility curve. Hence, it would 
appear that, when the anhydrous tricalcium aluminate first reacted 
with water, solutions were formed which were unstable with respect 
to the hexagonal phases. This was followed by a further precipitation 
of a portion of the CaO and Al,O; as hexagonal material. 

Despite the fact that further shaking resulted in a transformation 
of the bulk of the hydrated material to the isometiic hexahydrate, 
Nacken and Mosebach found that the composition of the solutions 
remained at the pcint N-1/ (fig. 5). It should be recalled that the 
investigations carried out in this laboratory have demonstrated that 
the approach to equilibrium from supersaturation in regard to the 
phase 3CaQ.Al,0;.6H,O is a very slow process. 

In a later publication, Nacken and Mosebach [32] carried out two 
solubility determinations of 3CaO.A1,03.6H,O, starting, in these cases, 
with the hexahydrate itself rather than with the anhydrous tricalcium 
aluminate. The values they obtained are indicated by the symbols 
N-2 end N-3 in figure 5 and pertain to their experiments 8 and 9, 
respectively. These solubility values are of the order of magnitude 
of those obtained by others, in marked contrast to the higher solubility 
(N-1) when the hexagonal crystals are formed as an intermediate 
phase. Notwithstanding, Nacken and Moseback considered that their 
higher solubility value (N-/) was correct. 

They also carried out some experiments pertaining to the composi- 
tion of solutions resulting from the reaction between CaO plus 3CaO. 
Al,O; plus water. Points N—4 and N-4 of figure 5 represent the com- 
positions of the solutions they obtained by shaking duplicate mixtures 
containing 0.31 g of CaO plus 2.705 g of 3CaO.Al,O, in 1 liter of H.O; 
and N-6 and N-7 are check solubilities obtained with the additions of 
0.81 g of CaO to the same quantities of tricalctum aluminate and 
water. They noted in their experiments the initial formation of the 
hexagonal phase and its tendency to revert to the isometric phase. 
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Again, as with N-1, the points N-4 and N-4 lie close to the metastable 
solubility curve of the hexagonal hydrates. Points N-6 and N-7 are 
between the solubility curves of the hexagonal and isometric phases, 
When Nacken and Mosebach added larger quantities of CaO to their 
mixtures, they observed that the solubility further decreased (N-38), 
When sufficient CaO had been added to give appreciable quantities of 
Ca(OH), as a solid phase (slightly above C), they found but traces of 
alumina in solution; in agreement with the findings of Bessey [13] and 
those of the present investigation. 

Although Lerch and Bogue [52] did not give the actual solubility of 
hydrated tricalcium aluminate in a solution saturated with respect to 
Ca(OH),, they, nevertheless, showed that there was no indication of 
the hydrated tricalcium aluminate forming the hydrated tetracalcium 
aluminate. This again demonstrates that hydrated tricalcium alumi- 
nate, and not hydrated tetracalcium aluminate, is the stable phase in 
a solution saturated with respect to Ca(OH)>. 

Since the solubility of 3CaOQ.Al,0;3.6H,O is very low in calcium 
hydroxide solutions approaching saturation with respect to Ca(OH),, 
there is no reason to believe that the solubility of coarsely crystalline 
Ca(OH), in such solutions would be detectably different from that in 
water. No actual determination was made of the solubility of 
3CaQ.Al,0;.6H,O at a concentration of 1.15 g of CaO per liter (C, the 
solubility of coarsely crystalline Ca(OH), in water at 21° C), but it 
appears from experiments 13 and 14 of table 7 that with such a solu- 
tion the quantity of alumina in solution should be close to 0.0005 ¢g 
per liter. Accordingly, Y of figure 5 is ascribed as the invariant point 
at 21° C for 3CaQ.Al,03.6H,O, coarsely crystalline Ca(OH), and a 
solution containing 0.0005 g of Al,O; and 1.15 g of CaO per liter, and 
finally the very short line YC represents the stable solubility curve of 
Ca(OH), in the system. 


4. HYDRATED ALUMINA AS A SOLID PHASE IN THE SYSTEM AT 21°C 


Thought will now be given to those regions, in the system 
CaQ-Al,0;-H,O at 21° C, where hydrated alumina exists as one of the 
principal phases. This in turn will be followed by a consideration 
of the changes that occur as the amorphous hydrated alumina initially 
produced gradually ages and is converted into crystalline gibbsite, 
Al,O3.3H,O. 

Mixtures of calcium aluminate-calcium hydroxide solutions were 
prepared in a manner similar to that already described in the investiga- 
tion of the system where the hexagonal hydrated calcium aluminates 
separated as primary phases. Microscopical examinations of the 
solid phases were made at intervals to follow any changes which 
might be taking place. 

Some of the regions in which hydrated alumina was formed as a 
solid phase are shown in figure 6. The compositions of the original 
mixtures are indicated by closed circles, and crosses show the com- 
positions of the solutions after precipitation of a portion of the 
alumina as a solid phase. Open circles enclosing crosses signify that 
crystalline hexagonal hydrated aluminates also are present. The 
figures accompanying the lines connecting the compositions of the 
original mixtures and those of the solutions subsequently produced 
give the molar ratios, CaQ/Al,O3, in the materials precipitated. The 
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connecting lines do not necessarily reveal the actual course of precipi- 
tation. In fact, it is known in many cases that the paths of precipi- 
tation are far different from those indicated by these lines. This 
applies particularly to the metastable solutions that yielded hexagonal 
aluminates associated with hydrated alumina. For example, it was 
observed that from those original mixtures in which the molar ratio, 
CaQ/Al,O3, was approximately 2, hexagonal hydrates usually crystal- 
lized prior to the appearance of hydrated alumina as a solid phase. 
Therefore, it seems possible, from figure 1, that the course of precipi- 
tation from such solutions must at first have been along a path more 
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hydrated alumina is formed as a solid phase. 








or less parallel to the 2CaQO.Al,0,;-composition line down to some 
point on the solubility curve of the hexagonal hydrated calcium 
aluminates, as the hexagonal hydrates crystallized from solution. 
From this point the path shifted when hydrated alumina separated 
from solution as a solid phase. But, inasmuch as the hexagonal 
hydrates were present as solid phases, the path of precipitation pro- 
ceeded downward along the solubility curve of the hexagonal hydrated 
calcium aluminates. 

However, in most instances in which the molar ratio of CaQ/AlI,O; 
was less than 2, it was not possible to follow the actual paths of pre- 
cipitation, because the hydrated alumina made its appearance either 
simultaneously with that of the hexagonal hydrates, or so soon 
thereafter that it was not feasible to filter the mixtures rapidly enough 
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to ascertain the separate paths of precipitation. It is significant. 
nevertheless, that the ntact of most of the solutions resulting 
from the precipitation of both hydrated alumina and the hexagong] 
hydrates lie fairly well along the solubility curve of the hexagonal 
hydrated calcium aluminates. 

Figure 6 shows that the metastable solutions that decomposed with 
separation of both hydrated alumina and hexagonal hydrated alum- 
inates contained more than 0.4 ¢ of CaO per liter; 1. e., they are 
located to the right of the solubility curve ABD of the he xXagonal 
hydrated calcium aluminates. Furthermore, with two exceptions the 
compositions of these highly metastable solutions lie between the 
CaO.Al,O;- and 2CaQ.Al,O;-composition lines. In contrast, the 
metastable solutions that yielded hexagonal hydrates with no hy- 
drated alumina (see fig. 1) were, with three exceptions, more basic 
than 2CaO.Al,O3. 

Attention will now be directed to the behavior of these calcium 
aluminate solutions that contained less than 0.4 g of CaO per liter and 
whose compositions lie to the left of the solubility curve, ABD of the 
hexagonal hydrated calcium aluminates. This set of solutions was 
prepared by diluting the filtered metastable solutions obtained by 
shaking anhydrous calcium aluminates or calcium aluminate cements 
with water, as previously described. Precipitation from those solu- 
tions proceeded very slowly, and over 300 days lapsed before the 
resulting solutions reached the values designated by crosses in figure 6. 

The region of precipitation is located between the AP section of 
the curve ABD and that section of the solubility curve ot the isometric 
3CaO.Al,0;.6H,0 along which the quantity of lime in solution ranges 
from 0.2 to 0.4 g of CaO per liter. Accordingly, some isometric 
3Ca0.Al,0;.6H,O could be formed as the hydrated alumina pre- 
cipitated from solution. 

If the solubility curves are correctly drawn, no hexagonal hydrates 
should appear as solid phases when the original mixtures decompose 
and the system more nearly approaches equilibrium. However, it 
was observed in several instances that the hexagonal phases actually 
appeared at first, but later disappeared as the separation of hydrated 
alumina from solution progressed. This appearance and subsequent 
disappearance of the hexagonal phase occurred during the early 
decomposition of those original mixtures which contained approxi- 
mately 0.4 g of CaO and 0.65 g of Al,O; per liter. Hence, it is thought 
that the solubility curve of the hexagonal hydrated calcium alumi- 
nates should beshifted slightly to the left, and that the curve probably 
does not bend around so much as indicated. This shifting of the 
curve is likewise suggested not only by the somewhat lower solubility 
value of hydrated dicalcium aluminate when equilibrium was ap- 
proached from undersaturation (see experiment 1 of fig. 2), but also 
by the still lower solubility value of 2CaOQ.Al,0;.8H.O given by 
Bessey [13] and indicated by the letter Q on the 2CaQ.A1,0;-com- 
position line of figure 6. 

It should be emphasized again that the hexagonal phases are 
formed only as intermediate phases in the more oradual approach 
to real equilibrium. The difficulty of locating accurately the meta- 
stable solubility curves of the hexagonal hy drated calcium alummates 
should be evident by now, not only because of the separation of 
hydrated alumina as a solid phase, but also on account of the previously 
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mentioned transformation of the hexagonal phases into the more 
stable isometric hydrate 3CaQ.Al,0;.6H;0. 

~ After the hexagonal phases disappeared the course of precipitation 
apparently moved away from the curve of the hexagonal hydrated 
calcium aluminates and approached that of the isometric 3Ca0O. 
4],0..6H,O. This was accompanied by a slight decrease of lime in 
solution. 

The indices of refraction of the hydrated alumina when first formed 
although variable, averaged about 1.50, and later increased as the 
hydrated alumina aged. The hydrated alumina separated from 
solution as both flakes and pellets, and upon aging the refractive 
indices of the outside surfaces of both the flakes and pellets increased 
more rapidly than the interior. Consequently, it was rather difficult 
to determine the exact indices of refraction. All that can be said 
is that the refractive indices of the outside shells increased to as much 
as from 1.56 to 1.58, and that the refractive indices of the interiors of 
fakes and pellets were definitely less than these values. 

It was observed also that the more pronounced increases in indices 
of refraction in the shells were associated with higher contents of 
lime in the precipitated materials. This suggested the idea that 
possibly some of the lime in solution had reacted with the hydrated 
alumnia Which had separated from solution and had formed small 
amounts of the isometric 3CaQ.Al,0;.6H.O within the shell of the 
flakes and pellets. The reaction, however, appeared not to have 
proceeded far enough to have raised the indices to 1,605, the value 
for 3CaO.Al,02.6H,O. The indicated limited formation of 3CaO. 
Al,O..6H,0 can account only in part for the increase in refractive in- 
dex of the hydrated alumina upon aging. It does not explain the 
increases Where very small quantities of lime were present in the 
precipitated products. This must be attributed to a change taking 
place in the hydrated alumina itself. 

In a previous study of the products formed in the reaction of water 
with calcium aluminates and calcium aluminate cements [1], it was 
pointed out that the refractive indices of the hydrated alumina ob- 
tained ranged from about 1.48 to 1.57. Attention was called to the 
fact that the index 1.57 agreed fairly well with the mean refractive 
index of gibbsite, a=1.566, y=1.587, B=1.556 [33]. It was also men- 
tioned that Fricke and Wever [34] and Béhm and Niclassen [35], by 
means of X-ray diffraction patterns, had shown that aged hydrated 
alumina was crystalline. 

Assarsson [36] later found that the hydrated alumina which sepa- 
rated from the calcium aluminate solutions likewise had similar vari- 
able indices of refraction and that the index of refraction of the outer 
layers of the concentric shells of the spherulites was higher than that 
of the inner. He demonstrated by means of X-ray analysis that the 
hydrated alumina upon aging exhibited the detectable crystal struc- 
ture of gibbsite, the complete structure of which was worked out by 
Megaw [37]. Assarsson came to the conclusion that gibbsite was the 
final product of the aging, even though some of his samples of hydrated 
alumina contained between 3 and 4 moles of H,O rather than the pre- 
scribed 3 moles for gibbsite, Al,O;.3H,O. The extra water he ascribed 
to absorbed water rather than to constitutional water of crystallization. 

Likewise, X-ray diffraction patterns of samples of aged hydrated 
alumina were found in the present investigation to contain the lines 
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characteristic of gibbsite. The intensity of the lines increased as the 
hy drated alumina aged. It was noted also that the moles of Water 
were in many instances somewhat greater than 3. In addition, thp 
molar ratio, H.O/Al,O,, increased with that of the CaO/Al,0; in the 
products. W hether the simultaneous increase in molar ratio, H,0 
Al.O;, is in part caused by the formation of small quantities of 
3Ca0.Al,0;.6H,O0 in the shell of the pellets and flakes of hydrated 
alumina is not known. If 3CaQ. Al,O3. 6H,0 was thus formed, it was 
not present in sufficient quantities to give rise to lines characteristic 
of this compound in the X-ray diffraction patterns studied. 

X-ray diffraction patterns were also obtained of precipitates that 
had aged a long time before filtering and which contained both hy- 
drated alumina and the hexagonal aluminate. Again, the presence 
of gibbsite was indicated. 

Dilute monocalcium aluminate solutions having less than 0.15 ¢ 
of CaO per liter remained clear for months and showed but little 
tendency to liberate hydrated alumina as a solid phase. No attempt 
was made to see to what extent they might have decomposed had 
they been ‘“‘seeded’’ with gibbsite. 

From these studies it can be concluded that hydrated alumina js 
one of the solid phases formed, and that on aging it is converted to 
crystalline gibbsite. Furthermore, the aging at 21° C is a very slow 
process, and, accordingly, a very ‘long time must elapse before true 
equilibrium is attained. It is evident from the scattered points of 
figure 6 that equilibrium had not been reached even though the mix- 
tures has stood for over 300 days. Therefore, it was decided to inves- 
tigate the solubility of gibbsite at increasing concentrations of lime by 
starting with well- ‘crystallized zibbsite, rather than by continuing the 
very slow approach to equilibrium from supersaturation. 


5. GIBBSITE, A!,0;.3H,0, IN THE SYSTEM AT 21°C 


The synthetically prepared Al,O;.H,O used in this study was thor- 
oughly washed with water to remove small quantities of alkali 
salts. The loss on ignition after drying at a temperature of 110° C 
was 34.50 percent (theoretical H,O, 34.65 percent). The indices of 
refraction of the dried material were: a=1.573+0.003; 8, not deter- 
mined; y=1.592 0.003; and are slightly higher than the values 
a=1.566, B=1.566, y=1.587, as listed by Larsen and Berman [33] for 
gibbsite. There was a trace of undetermined material with a mean 
index of refraction somewhat greater than 1.62, but less than 1.63. 
An X-ray diffraction pattern gave the lines characteristic of gibbsite. 

A series of reaction mixtures, containing in each case 2.000 g of 
gibbsite per liter of solution of calcium hydroxide, was prepared and 
placed in tightly stoppered flasks. The concentration of the calcium 
hydroxide solutions ranged from the equivalent of 0.050 g to that of 

1.300 g of CaO per liter. The mixtures were maintained at a tem- 
mara fi of 21° C and were shaken from time to time to facilitate an 
approach to equilibrium. At various intervals of time, aliquots of the 
solutions were taken for analysis. The compositions of the solutions 
are given in table 8. 

The solubility determinations up to and including those where 
the initial concentration of lime was 0.300 g of CaO per liter (exper- 
ments 1 to 17, inclusive) indicate that no solid phase other than 
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gibbsite is present. In no instance was more than 0.01 g of CaO 
removed from solution. At a concentration of 0.350 g of CaO per 
liter, slightly more lime was removed from solution at the later periods. 
In experiment 20 this amounted to 0.019 g of CaO. When the 
cibbsite was placed in the more concentrated calcium hydroxide 
solutions (experiments 21 to 46, inclusive), greater quantities of lime 
were removed from solution. In experiment 46, at the end of 810 
days, the concentration of lime had been reduced from 1.300 to 0.320 g 
of ( 'aO per liter. 


TABLE 8.—Solubility of gibbsite, Al,03.3H20, at 21° C 


Obtained from mixtures containing 2 g of gibbsite per liter of aqueous solution of calcium hydroxide.] 











| Composition of 
calcium hy- 
droxide solu- 
tion 


Time to 
} approach 
| equilibrium 
| 


Molar ratio, 
CaO/Al203, 
in solid phase} 


Composition of resulting 


experimen i 
Expe t solution 





g of CaO/Jliter ! gofAlsOs/liter| g of CaO/liter 
0. 05 5 0. 005 


; | 0. 047 
. 050 246 . 004 . 047 
. 050 ; . 005 . 046 
100 ‘002 | 092 
. 100 ¢ . 008 | . 094 
. 100 36 . 007 . 100 
. 150 . 007 | . 144 
. 150 . 005 . 143 
. 200 005 . 192 
. 200 ¢ .010 193 
. 200 3¢ O11 . 195 
. 250 7 . 008 . 243 
. 250 ¢ .017 | . 243 
. 250 3¢ O15 . 240 
. 300 . 009 . 290 
. 300 9: .016 . 291 
. 300 ¢ .014 . 291 
. 350 O17 . 344 
. 350 018 
. 350 3¢ .019 
. 450 S77 016 
. 450 . 025 
450 . 027 
- 450 .017 
. 500 014 
. 500 . 022 
. 500 . 032 
. 500 . 023 
. 605 3% . 034 
. 605 . 040 
. 605 35° . 040 
. 706 3 041 
. 706 . 054 
. 706 . 047 
. 900 . 008 
. 800 j . 031 
. 037 
057 
. 047 
. 040 
. OO8 
019 
- 031 
. 042 
. 037 


. 018 




















Equilibrium appears to have been attained in the mixtures that 
initially contained 0.350 g or less of CaO per liter (experiments 1 to 20, 
inclusive). Where the concentrations were greater than 0.350 g of 
CaO per liter, the dissolved alumina at first increased as the lime was 
removed from solution, reached a maximum, and then decreased. 
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The course of these changes is shown in figure 7, where the aluming 
in solution is plotted against the lime in solution. The number 
accompanying the indicated compositions refer to the time, in days 
that had lapsed since the mixtures were prepared. A smooth cury; 
(HF J) has been drawn through the points pertaining to the maximuy 
solubility values of alumina. 

The solubility curve EFG of the isometric 3CaQ.Al,0;.6H,0 and 


a portion of that of the hexagonal hydrated calcium aluminates haye 


been replotted to fit the enlarged scale used in figure 7 for grams of 
Al,O; per liter. 
The curve HFJ intersects EFG where the alumina in solution js 


0.02 g of Al,O; per liter and the lime in solution approximately 0.33 ¢ 


2 « 


1 — 
Os C 07 08 
line in solution (9 CaO per?) 


FIGURE 7.—Composition of solutions formed when gibbsite, Al,O3. 3H2O, was placed 


in calcium hydroxide solutions of increasing concentrations; maintained at a 
temperature of 21° C for the time periods, in days, indicated by the numbers. 


of CaO per liter. This point of intersection, F’, should represent, 
therefore, the invariant point 3CaO.Al,03.6H,O-Al,03.3H,O (gibbsite), 
Consequently, gibbsite is the stable phase in the system CaQ-Al,0;- 
HO at 21° C up to a concentration of lime of 0.33 g of CaO per liter 
(I7F), and the isometric 3CaQ.Al,0;. 6H,O is the stable phase beyond 
0.23 g of CaO per liter (FG). Thus, it becomes apparent why gibb- 
site dissolves in calcium hydroxide solutions up to concentrations of 
0.33 g of CaO per liter without removing lime from solution, and also 
why hydrated alumina was observed as a solid phase in the solubility 
determinations of 3CaQ.Al,03;.6H,O along the metastable segment 
EF of the curve EFG. 

Since F is the invariant point 3Ca0Q.Al,0;.6H,O-A1,03.3H,0, 
then in mixtures of gibbsite and calcium hydroxide solutions more 
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concentrated than 0.33 g of CaO per liter, the CaO would eventually 
he reduced to this value, and the alumina in solution would reach a 
value of 0.02 g of Al,Os per liter. Three of the mixtures appear to have 
arrived very closely to F. They are indicated by experiments 20, 24, 
and 46 of table 8, where the initial concentrations of calcium hydroxide 
solutions were 0.350, 0.450, and 1.300 ¢ of CaO per liter, respectively. 
Although the other mixtures had not attained final equilibrium, they 
appear “from figure 7 to be approaching F. The mechanism of this 
approach to the invariant point / from mixtures containing more 
than 0.33 g of CaO per liter seems to be as follows: First, the sib bsite 
rathe r slowly dissolves in the solutions of calcium hydroxide, but, 
sepeeae as 3CaQO.Al,03.6H,O is the stable phase rather than 
ibbsite, some of the lime in solution reacts with either the dissolved 


3 C'a0_ALO,.6H,0. "C onsequently, the reac ctions are taking sles 
at an ever-decreasing concentration of lime. Eventually, however, 
the composition of the solution reaches some point along the meta- 
stable segment FU of the curve HF, since the rate of solution of gibb- 
site exceeds the rate of formation of 3CaQ.Al,0;.6H,O. Having 
reached FU, the path proceeds downward along FJ to F as this 
process of formation of 3CaQ.Al,0;.6H,O and dissolving of gibbsite 
continues 

Attention will now be directed to the paths followed by two of the 
reaction mixtures. Experiments 35 to 40, inclusive, pertain to the 
mixtures starting with a concentration of calcium hydroxide of 0.900 
x of CaO per liter. Figure 7 shows that at the end of 60 days the 
composition of the solution was very close to the metastable solubility 
curve of the hexagonal hydrated aluminates. Small amounts of hexa- 
eonal plates were observed microscopically. The maximum solubility 
of alumina was reached at the end of 189 days (experiment 38), and 
the composition is near the point J. The path then proceeded down- 
ward along FJ toward F’, but, even at the end of 441 days, Jess than 
h alf of the distance to F had been covered. During these changes the 
hexagonal phase disappeared, and the refractive index of the outer 
shells of the gibbsite crystals increased to abcut 1.60 because of the 
formation of some 3CaO.Al,0;.6H.0. 

The mixture prepared with a supersaturated calcium hydroxide 
solution containing 1.300 g of CaO per liter yielded solutions at the 
end of 14 and 60 days in the field where the hexagonal phase (prob- 
ably hydrated tetracalcitum aluminate) is formed as a mestastable 
phase, and hexagonal crystals were observed microscopically. At 189 
days the reactions had proceeded to where the composition of the 
solution was no longer in this region, and the hexagonal phase dis- 
peared. The composition of the solution had not yet reached the 
etastable section FJ, as in the case of the mixtures initially contain- 
ng 0.900 ¢ of CaO per liter. At the end of 334 days the composition 
of the solution was on the section FJ at a point close to that attained 
at the end of 441 days by the mixture prepared with calcium hydroxide 
having 0.900 g of CaO per liter. The path then proceeded along FJ, 
but, in this case, reached the invariant point F, but only after a lapse of 
810 days. These experiments show the long time required to reach 
equilibrium, even under rather favorable conditions. 
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This study of the system CaQ-Al,0;-H,O at 21°C may be considered 
as not entirely complete in that it does not deal with the solubility 
curves of the hydrates of alumina other than gibbsite, Al,03.3H,0. 
For example, there are the mineral diaspore (Al,03.H,O) ; its reported 
isomer [34, 35, 38, 39, 40, 41, 42, 43, 48], often called “béhmite”’: and 
possibly an isomer of gibbsite Al,O3.3H,O [88, 44, 45, 46, 47, 48, 49) 
sometimes referred to as bayerite. There seems to be some doubt. 
however, as to the existence of this last trihydrate. Notwithstanding 
that there is some difference of opinion among various investigators as 
to the order of stability of these hydrates of alumina in alkaline solu. 
tions, there are considerable data showing that gibbsite is one of the 
more stable hydrates, if not the most stable, at room temperature. 
Therefore, gibbsite is perhaps the most important hydrate of alumina 
in relation to the behavior of cements. 

Lea and Bessey [13, 30] are of the opinion that a stable solubility 
curve for Al,O3.aq at 25°C coincides with the 3CaO.A1,03-composition 
line from O to E (fig. 6). The point EZ, or a point very close to £, is, 
according to Lea and Bessey, the invariant point 3CaQO.Al1,03.6H,0- 
Al,O;.aq. They also suggest that the solubility curve for Al,O;.aq 
then proceeds from E to Q (see figure 6 for location of Q), and that ( 
is the metastable invariant point 2CaO.Al,0;.8H,O-AlI,03.aq. Jones 
[51] points out, however, that the stable section for the solubility of 
Al,O3.aq, as given by Lea and Bessey, pertains to the gel form, and the 
solubility curve with respect to crystalline Al,O3.3H,O must fall below 
this. Our studies have demonstrated that Jones is correct, and it has 
been shown that HF (fig. 7) is the stable solubility curve for Al,0..- 
3H,0 (gibbsite) and that the stable invariant point between 3Ca0.- 
Al,O;.6H,O and gibbsite is at F. 


IV. STUDIES OF THE SYSTEM Ca0O-Al,0;-H,0 AT 90° C 


1. HEXAGONAL HYDRATED CALCIUM ALUMINATES IN THE 
SYSTEM AT 90°C 


In the investigation of the system CaOQ-Al,O.-H,O at 21°C, it was 
shown that the hexagonal phases were metastable. The hexagonal 
phases become less stable with rising temperature, and are so 
unstable at 90°C that no attempt was made to study their solubility 
relationships. 


2. ISOMETRIC TRICALCIUM ALUMINATE HEXAHYDRATE, 
3CaO.Al,0;.6H.0, IN THE SYSTEM AT 90° C 


Despite the fact that the hexagonal phases are so unstable at 90°C 
that it was not feasible to determine their solubilities, nevertheless, 
once they are formed, they persist in small amounts for some time, 
even in the presence of the 3CaO.Al,0;.6H,O, into which they are 
eventually converted. Fo: this reason, it seemed preferable to invest- 
igate the solubility of the isometric aluminate by placing this solid 
phase in solutions of calcium hydroxide and heating the mixtures to 
90°C rather than to attempt to approach equilibrium from super- 
saturation by mixing together metastable calcium aluminate solutions 
and calcium hydroxide solutions heated to 90°C, 
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The mixtures, which contained 2 g of 3CaO.Al,0;.6H.O per liter of 
calcium hydroxide solutions of varied concentrations, were placed on a 
steam bath in well-stoppered flasks provided with soda-lime adsorp- 
tion tubes. Aliquots of the aqueous phase were taken at intervals for 
analysis. Equilibrium appeared to be attained much sooner at a 
temperature of 90° C than at 21° C, and table 9 gives the quantities 
of alumina and lime in the aqueous phase at the end of 4 to 5 days. 
Because the calcium hydroxide solutions attacked the glass of the 
containers somewhat at 90° C, the small quantities of silica were 
removed prior to the determination of alumina. 

In experiments 5 and 6 the concentrations of the calcium hydroxide 
solutions were decreased from the equivalent of 0.856 g and 1.112 g 
of CaO per liter to 0.628 g and 0.638 g of CaO per liter, respectively, 
and finely divided crystalline Ca(OH), was found mixed with 
3Ca0.Al,03.6H,0. 

TaBLE 9.—Solubility of isometric — hexahydrate, 3CaO.Al,03.6H;0, at 
90° C. 
{Initial mixtures: 2 g of 3CaO.Al2.03.6120 per liter of calcium hydroxide solution] 
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In figure 8 the solubility values of 3CaO.Al,03.6H,O are plotted as 
grams of Al,O; per liter versus grams of CaO per liter, and a curve, 
KLM, has been drawn to approximate the points representing these 
compositions. A comparison of figure 8 with figure 5 shows that 
3Ca0.Al,03.6H,O is more soluble at 90° than at 21° C. At 21° C, 
however, the curve extends to higher lime concentrations than at 90° 
C because the solubility of Ca(OH), decreases with an increase in 
temperature. 

M represents the invariant point for 3CaO.Al,0;.6H,O, Ca(OH), 
and a solution containing 0.015 g of Al,O; and 0.63 g of CaO per liter 
(the average of the compositions of the final solutions of experiments 
5 and 6 of table 9). This concentration of CaO is about 0.04 g per 
liter greater than that indicated by P, which pertains to the solu- 
bility of coarsely crystalline Ca(OH), in water at 90° C, as given by 
Bassett [50]. Connecting P with M gives the line PM, which repre- 
sents the solubility of Ca(OH), in the system at 90° C. 


3. GIBBSITE, Al,0;.3H,0, IN THE SYSTEM AT 90°C 


The role of gibbsite in the system CaQ-Al,0;-H,O at 90° C was 
investigated in a manner similar to that employed in the study of the 
solubility relationships of 3CaQ.Al,0;.6H,O at this temperature. 
The mixtures in these experiments contained 2 g of gibbsite per liter of 
calcium hydroxide solutions of known but varied concentrations. 
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The data of experiments 1, 2, and 3 of table 10 show that the soly- 
bility of the gibbsite increases as the concentration of the calcium 
hydroxide increases. In experiments 4 to 8, inclusive, in which the 
initial concentration of lime in solution was more than 0.3 g of CaO per 
liter, there was a definite removal of lime from solution. This was 
manifested also by a change in the solid phases: First, by an increase 
in the refractive index of the outside layer of the gibbsite particles 
(experiment 4); followed by the appearance of increasing quantities of 
3CaO.Al,0;.6H,O, which became better crystallized as the concentra- 
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Figure 8.—Composition of solutions f 1 wher t 3CaO. Al,03.6H2O and 
gibbsite, AlsQ3.3H2,O, were placed, separately, in calcium hydroxide solutions of 
increasing concentrations; maintained at a temperature of 90° C 


tion of the calcium hydroxide of the original mixtures increased 
(experiments 5 to 8, inclusive). 

These reactions were attended by a marked increase in the quantity 
of alumina in solution, from experiment 3, where the initial concen- 
tration of the calcium hydroxide was equivalent to 0.300 g of CaO 
per liter, to experiments 4 to 8, inclusive, where the concentrations of 
the calcium hydroxide were higher than this. Furthermore, the 
quantities of alumina in solution in experiments 4 to 8, inclusive, 
were almost identical, and the lime in solution had been reduced to 
concentrations of about 0.3 g of CaO per liter in these same mixtures. 
The compositions of these resulting solutions were approximately the 
same as that attained when 3CaQ.Al1,0;.6H,O was dissolved in water 
at 90° C (see table 9, experiment 1). 
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TABLE 10.—Solubility of gibbsite, Al,O3.3H,O, at 90° ( 


{Initial mixtures: 2g of gibbsite per liter of calcium hydroxide solution.] 


Composition Composition 
nt of final 

: y oy g 
Experiment calcium solutions 
hydroxide messin 


solutions ALO; CaO 


g of CaO/liter | g/liter | g/liter 

0. 100 0.031 0.092 | Indices of refraction unchanged. 

. 200 . 063 . 189 Do. 

. 300 . 099 . 294 Do. 

- 400 . 175 . 283 | Indices of refraction raised 
500 .178 .298 | Small amount of 3CaO.AlO3.6H20. 
. 90 .178 .319 | Considerable 3CaO.Al,03.6H20. 

1. 101 . 189 a y Do. 

1, 284 okt . 35¢ Do. 
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FigurE 9.—System CaO-Al,03-H,O at temperatures of 21° and 90° C. 


e curves and points are as follows: 
ABD, Metastable solubility “curve’’ for mixtures of the hexagonal hydrates 2Ca0. Al,.03.8H20 and 4Ca0O. 
\l203.13H20 at 21° C; QRS, suggested metastable solubility curve for hexagonal hydrate 2CaO. Al203. 
8H20 at 21°C; Q, approxims ate solubility of hexagonal hydrate 2Ca0O. Al203.8H20, apparently congruent, 
water at 21° C, (Bessey [13]); TRV, suggested metastable solubility curve for hexag onal hyd rate 
1Ca0.Al203 13H20 at 21° C; R, suggested metastable invariant point 2CaO. Al20s. 8H20-4Ca0. Al203. 
13H20 at 21° C; C, solubility of coarsely crystalline Ca(OH). in water at 21° C; V, approximate metas- 
table invariant point 4Ca0O. Al:03.13H20-Ca(OH): at 21° C; EFG, solubility cur ve of isometric hydrate 
3Ca0.Al203.6H20 at 21° C, with EF metastable with respect to gibbsite; and FG the stable section. 
See also, Bessey (13); Y, stable invariant point 3Ca0.Ah03.6H2,0-Ca(OH)2 at 21° C, YC, 
lubility curve of C a(OH)2 at 21° C, HFJ, solubility curve of gibbsite, AL O3.3H20 at 21° C, with 
HF the stable section; and FJ mets astable with re spect to 3CaO.Al203.6H20; F, stable invariant point 


Ca0.Al203.6H20-Al203.3H20 (gibbsite) at 21° C; W, suggested metast: able invariant point 4CaO. 
A12.03.13H20-Al203.3H20 (gibbsite) 3 al ORE. A possible metastable invariant point 2CaO. Al,03.8H20- 
Al:03.3H2O (gibbsite) at 21° C; KLM, solubility curve of isor netric hydrate 3C a0. Al203.6H20 at 90° C; 
M, sts able invariant point 3C aQ. Al2O3.6H20-Ca(OH)> at 90° C; NL, solubility of AlO3.3H2 O (gibbsite s) 
90° Cs : ae stable invariant point 3C ad. AlgO3.611,0-A1203. 3120 at 90° C; P, solut ility of goareely 
crystalline ( ‘a(OH)2 in water at 90° C, (Basset [50]); P.M, solubility curve of Ca(OH 2 at 90° C. 
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This status of gibbsite in the system CaO-Al,0;-H,O at 90° (© js 
illustrated in figure 8, which also shows the solubility relations of the 
3CaO.Al,0;.6H,O at this temperature. The straight line drawn 
through ‘the compositions of the solutions resulting “from dissolving 
of gibbsite in calcium hydroxide in concentrations equivalent to 
0.100, 0.200, and 0.300 g of CaO per liter (table 10, experiments 1 to 
3, inclusive), when extended, cuts the solubility curve KLM of 
3Ca0.Al,0;.6H.O at L. Consequently, Z must be the invariant 
point for 3Ca0.Al,0;.6H,0, gibbsite (Al,O;.3H,O), and the solution 
which has the approximate composition of 0.11 g of Al,O; and 0.33 9 
of CaO per liter. 


V. DISCUSSION OF THE SYSTEM CaO-Al,0;-H;O0 OVER THE 
TEMPERATURE RANGE 21° TO 90° C 


In describing the investigations on the system CaO-Al,0,-H,0, the 
outline which has been followed has of necessity entailed discussions 
of the solubility relations of the various phases, more or less separately, 
It now seems advisable to deal with the system as a whole over the 
temperature range of 21° to 90° C. For this purpose the solubility 
curves that are considered to be established are shown in figure 9, 
In addition, certain curves have been sketched lightly in the diagram 
to facilitate a more complete understanding of the probable meta- 
stable solubility relationships of the hexagonal dicalcium and tetra- 
calcium hydrated aluminates. 

No attempt has been made to conjecture as to where the probable 
metastable curves of the hexagonal hydrated calcium aluminates at 
90° C may be placed in the diagram, owing to the decided instability 
of these forms at this temperature. It must be admitted that the 
so-called solubility curve, ABD, of the hexagonal forms at 21° C 
was drawn, in the first place, merely for convenience of discussion. 
Other than serving to indicate the approximate overlapping solubilities 
of the mixtures of the hydrated dicalcium and tetracalcium aluminates, 
it has no significance per se. The X-ray studies revealed that ABD 
must pertain to mixtures of dicalcium and tetracalcrum aluminates. 

In the discussion of the hexagonal hydrated calcium aluminates, it 
was pointed out that a metastable invariant point for 2CaQ.Al,0,. 
8H.O, 4CaO.AI,0,.13H.O, and solution was believed to lie somewhere 
between about 0.5 and 0.6 g of CaO and about 0.10 and 0.15 g of 
Al,O; per liter. For convenience, this point is arbitrarily fixed at R 
in figure 9. At concentrations of lime less than that indicated by RP, 
the mixture of solid phases is composed predominantly of the dicalcium 
compound, whereas at the higher line comcentrations the tetracalcium 
aluminate constitutes the greater proportion of the solid phases. 

If consideration now be given to the relations of the metastable 
hexagonal hydrated aluminates in regard to the other phases in the 
system, it is evident that there can be no stable equilibrium curves for 
these two aluminates, since they exist only as metastable phases. 
If attempts were to be made to secure sufficient data with the hope 
of establishing a metastable curve of the hydrated dicalcium aluminate 
free of the hydrated tetracalcium aluminate, it is clear that hydrated 
alumina, or the isometric hydrate, or both, very probably would make 
their appearance and defeat the ‘object i in view. Similar difficulties 
would be encountered with the hydrated tetracalcium aluminate. 
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Inasmuch as the actual determinations of these separate metastable 
solubility curves hold but little promise of success, it may not be 
amiss to sketch diagrammatically (fig. 9) how it is thought these 
metastable curves may be located with respect to one another, as 
well as to the experimental curve ABD. 

The point Q in figure 9 indicates the solubility of 2CaO.A1,03;.8H,O 
in water, as reported by Bessey [13]. This is somewhat lower than 
the point of intersection of the curve ABD with the 2CaQ.Al,03;.- 
composition line, as might be expected, since ABD was constructed 
from the data of solutions resulting from an approach from super- 
saturation, 

Connecting Q and R&, as shown in figure 9, gives a curve which will 

ascribed as a section of a diagrammatic metastable curve for 
9a. Al,O;.8H,O at 21°C where this aluminate is more stable than 
the hydrated tetracalcium aluminate. Beyond R the curve should 
proceed along some path (2S) where this aluminate is less stable than 

tetracalcium aluminate. Accordingly, at each concentration 
of lime in this region the concentration of alumina in a solution 
saturated with respect to the dicalcium aluminate will be greater 
than the quantity of alumina in a solution saturated with respect to 
the tetracalcium aluminate. By analogy, a suggested metastable 
solubility curve (TRV) for 4CaO.Al,0;.13H,O is diagrammatically 
represented as shown. The point V is a suggested metastable 
invariant point for 4CaO.Al,03.13H,O-Ca(OH),. 

As demonstrated previously, HFG represents the solubility of 
3Ca0.Al,0;,.6H,O and HF J, that of gibbsite, Al,O3;.3H.O, at 21°C. 
The point F is the stable invariant point for these two solid phases. 
Since FJ represents the metastable solubility of gibbsite, W becomes a 
metastable invariant point, 4CaQ.Al,0;.13H,O-AIl,0;.3H,O; and on 
extending FJ to X, a second metastable invariant point, 2CaO. 
Al,O3.8H,O-Al,0;.3H,O, is reached. It should be borne in’ mind 
that these two metastable invariant points are not established be- 
cause the actual locations of the metastable curves, as stated pre- 
viously, have not been determined. 

it can be seen from the diagram that, if the concentration of lime 
is maintained in excess of 0.33 g of CaO per liter at a temperature of 
21°C, gibbsite must eventually disappear as a solid phase and be 
converted into the isometric 3CaQ.Al,03.6H,O, which is the only 
stable phase in the region extending from a concentration of lime 
bevond 0.33 g of CaO per liter up to 1.15 g of CaO per liter. The 
solubility curve of 3Ca0Q.A1,0;.6H,O has been extended slightly 
beyond C (for solutions supersaturated with respect to coarsely crystal- 
line Ca(OH), can easily be prepared); but, at true equilibrium, 
crystalline Ca(OH), would also appear as a solid phase, and the 
concentration of lime in solution would be reduced to 1.15 g of CaO 
per liter. The alumina in solution at this invariant point, Y, is but 
0.0005 g per liter. The very short line YC represents the solubility 
of Ca(OH), at 21°C. 

To represent properly the effect of temperature on the solubility 
relationships of the various phases in the system CaO-Al,O;-H,O, one 
perhaps should resort to a space model. However, as the system 
is rather simple at 90°C, it was felt that a clear presentation could 
be made merely by projecting the solubility curves of the isometric 
tricalcium aluminate hexahydrate, gibbsite, and Ca(OH), onto 
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the diagram at 21°C. Accordingly, in figure 9, KLM shows the 
role of the isometric aluminate, NZ that of the gibbsite, and P.M tha: 
of Ca(OH), at 90°C. 

The solubility of both the isometric hydrated aluminate and gibb- 
site increase with an increase in temperature from 21° to 90°C. The 
increases in solubility are such that the invariant point at 90° C (Z) 
3CaO.Al,0;.6H,O, Al,O3.3H,O (gibbsite), and solution occurs at prac- 
tically the same lime concentration as at 21° C (Ff), namely, 0.33 g of 
CaO per liter. 

It follows that, at temperatures between 21° and 90° C, there is q 
family of curves for 3CaO.Al,03.6H,O and Al,O3.3H,O (gibbsite), with 
each pair intersecting at invariant points of constant lime concentra- 
tion (0.33 g of CaO per liter), but of increasing concentration of 
alumina (from 0.02 g of Al,O; to 0.11 g of Al,O; per liter) with increase 
in temperature. 

Hence, at temperatures between 21° and 90°C, gibbsite is the 
stable solid phase up to a concentration of lime in the aqueous phase 
of 0.33 g¢ of CaO per liter. At concentrations of lime greater than 
this, 3CaQ.Al,0;.6H,O becomes the stable phase, but the limit of 
concentration at any given temperature is ultimately restricted by the 
solubility of Ca(OH), at that temperature. Consequently, there is a 
series of invariant points between 21° and 90° C for 3CaO.Al1,03.6H,0, 
Ca(OH),, and solutions whose compositions vary continuously from 
Y (1.15 g of CaO and 0.0005 ¢ of Al,O; per liter) to M7 (0.63 g¢ of CaO 
and 0.015 g of Al,O; per liter). For solubility values of Ca(OH), in 
water between 21° and 90° C, one should consult Bassett [50]. 

Even though this investigation covers most of the salient factors 
pertaining to the system CaQ-Al,O;-H,O between temperatures of 21° 
and 90° C, nevertheless, the possible role of certain hydrates other 
than those encountered in this study of the system should be con- 
sidered. 

Travers and Sehnoutka [17], and later, Mylius [8] have described a 
tricalcium aluminate 18-hydrate, 3CaO.Al,03.18H,O, occurring as fine 
needles, orthohombic and biaxial negative. This hydrate has been 
prepared only by precipitation from potassium aluminate solutions and 
has never been perceived either upon the addition of solutions of cal- 
cium hydroxide to calcium aluminate solutions or in the hydration of 
calcium aluminates. Accordingly, it appears that this compound is 
formed only in the presence of potassium (or sodium) ions or others 
than those of the hydrated calcium aluminates, and consequently is 
unstable in the system CaO-Al1,0,;-H,0. 

In addition, there is the so-called pentacalcium hydrate, 5Ca0.- 
Al,03.34H,O, which has been reported only by Assarsson [6, 7, 36], 
who acknowledged, however, in his discussion of a paper by Bessey 
[13], that it seems to be impossible to prepare such an aluminate with- 
out any trace of sulfate. For this reason, it may be presumed that 
this hydrate is unstable in the ternary system CaQ-Al,O;-H,O, but 
may exist in the quaternary system CaQ-Al,0O;-CaSO,-H,O as a 
metastable phase. For further information on this latter point one 
should consult the extensive investigation by Jones [51] on this 
quaternary system at 25° C. 

Although the studies of Assarsson [6, 7, 36] seem to indicate the 
existence of a monocalcium aluminate hydrate of the formula Ca0. 
Al,O;.10H,O, this compound has been prepared by precipitation from 
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monocalcium aluminate solutions only at relatively low temperatures. 
I does not seem to be stable at a temperature so high as 21° C and 
vas not observed in the present investigation. 
"There fore, the foregoing considerations indicate that the three 
aoc ated ee 3CaO.Al,03.18H,O, 5CaO.Al,03.34H,0, and 
aO.Al.O3.10H: are no factors of moment in the ternary system 
‘gQ-Al,O3-H, 0 y hes 21° to 90°C, and, if they exist at all in this 
system, they must be very unstable. 
‘As mentioned earlier, the relation of the biaxial form of the tetra- 
calcium aluminate hydrate to the hexagonal modification in the sys- 
tem CaO-Al,O;-H,O warrants further study, as do those hydrates of 
alumina other than gibbsite. 


VI. SUMMARY 


The foregoing oo included a study of the system CaO- 
Al,O;-H2O at 21° and 90° C 

The solid phases were investigated by petrographical and X-ray 
diffraction methods. By means of X-ray diffraction patterns, it was 
found that the so-called hexagonal tricalcium aluminate hydrate is in 
reality a mixture of hexagonal 2CaO.Al,0;.8H,O and hexagonal 4CaO.- 
Al,O;.13H,O intererystallized — in equimotecular proportions. On 
standing, the dicalcium aluminate hydrate is slowly converted into the 
tetracalcium aluminate hydrate and hydrated alumina. Loss of water 
of hydration in the tetracalctum aluminate hydrate results in a 
decrease in the unit cell along the ¢ axis. 

Although the di- and tetracalcium aluminate hydrates exist only 
as metastable phases in om system CaQO-Al,0;-H,O between 21° and 
90° C, a study was made of their solubility relationships at 22° C. 
There appears to be a metastable invariant point for these two phases 
and a solution containing between 0.5 and 0.6 g of CaO per liter 
and 0.10 and 0.15 g of Al,O; per liter. As the temperature increases 

e hexa onal aluminates become less stable. 

The only stable solid phases that were found in the system CaO- 
Al.O;-H,O over the temperature range of 21° to 90° C were: gibbsite, 
A\,O;.3H.O; the isometric tricalcium aluminate hexahydrate, 3CaQ. 
Al,03.6H20; and Ca(OH)... The solubility curves of these phases 
in the system CaQ-Al,0.-H,O were determined at 21° C and at 90° C. 
Over this range of temperature, gibbsite is the stable phase up to a 
concentration of 0.33 g of CaO per liter; at concentrations greater than 
this, the isometric hexahydrate is the only stable phase, until those 
points are reached at which Ca(OH), also appears as a solid phase. 
The series of invariant points for gibbsite and the isometric phase 
occurs at a concentration of CaO of 0.33 g per liter, but with the 
concentration of Al,O; increasing from 0.02 g per liter at 21° C to 
0.11 g per liter at 90° C. 


In carrying out the work in connection with this paper the authors 
had the valuable assistance of H. Insley in the microscopical examina- 
tions. 
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ABSTRACT 


Tests were made to determine the mechanical properties of perforated cover 

tes intended to be used as a substitute for lattice bars or batten plates in built- 

p box-type columns. Each test column was built up from one perforated plate 

| four angles. Two columns had circular and two ovaloid perforations. For 

column the ratio of net-to-gross cross-sectional area in the plate was 0.33. 

In this paper the methods of test are described, and the results of the tests of 
four columns are given, 
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I. INTRODUCTION 


This paper is the sixth of a series dealing with the mechanical 
properties of perforated cover plates intended to be used as a substi- 
tute for lattice bars or batten plates in built-up box-type columns. 
An outline of the program and results for plates having a net-to-gross 
cross-sectional-area ratio of 0.55 and having width-to-thickness ratios 

10, 53, and 68 have been given in previous Research Papers.! 

rand Martin Greenspan, Perforated cover plates for steel columns: Program and test 
+5 28, 669 (1942) R P1473; Perforated cover plates for steel columns: Compressive prop- 
loid perforations and a width-te-thickness ratio of 49, 3 7 (1942) RP1474; Perforated 
umns: Compressive properties of plates having ovaloid perforations and a width-to-thick- 
1942) RP1501; Perforated cover plates for steel columns: Compressive properties of plates 
sand a width-to-thickness ratio of 53, 30, 15 (1943) RP1514; Perforated cover plates for 
essive properties of plates having circular perforations and a width-to-thickness ratio of 53, 


(411) 
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In this paper are presented the test results for the C6 and (% 
columns. The plates in these columns were 30 inches wide by % jn. 
thick, thus having a width-to-thickness ratio of 80. The plates of th 
CG columns had circular perforations 10 in. in diameter and those of 
the C7? columns ovaloid perforations 10 in. wide. The net-to-gro: 
cross-sectional-area ratio 1 . 

The columns had been riveted at he column ends planed before 
delivery to the laboratory. 


The dimensions and areas were determined, and the testing pr 
cedures and methods of calculation for the coupons and columns wi 


viously tested,? except for those procedures which differed becau 
the plates and angles of the columns had been riveted together or 
because columns without perforations had not been prepared. 


IT, COVER-PLATE COLUMNS 
1. GENERAL 


The details of the columns are shown in figure 1. There were ty 
C6 and two C7 columns. The cutting diagrams for the plate 
: | 


he plates for the four 
1 
| 


l 
angle material are also shown in figure 1.’ 
i cut from the same length. 1e four angles for each 
column were all cut from the same length. The designations for the 
plates and angles, as indicated by the match marks in the cutting 
diagrams of figure 1, for the columns are given in table 1. 


, 
j 

ry 
| 
i 


columns were a 
? 
| 


a hl 7 ‘ ° s 1 
The plates and angle S$ in tie colu nities 


Angle designations 


2. DIMENSIONS 


The dimensions given in figure 1 are nominal. Direct measure- 
ments of the plates and angles could not be made, since they were 
riveted together. Measurements*® of the width and thickness were 
therefore made on the three separate pieces 2 ft long submitted for 


coupons for each length. The gross cross-sectional area of each of the d 
four main sections of each length was taken as the average of thie e 
cross-sectional areas of the three 2-ft lengths. The net width of the e 
plate was taken as the gross width minus the average of the widths of 
all the perforations. The net area of the plate was taken as the C 
product of the average thickness and the average net width. 
~ 2 See Research Paper RP1473. 
3 See page 676 of RP1473. 
P 
S| 
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RE 1.—Details of the C6 and C7 columns and cutting diagrams for the plate and 
angle material. 


III. PROCEDURE 
1. COUPONS 


Coupons representing the plate and angle material were cut in the 
direc ‘tion of Fe scm: and tested in tension. Young’s modulus of 
elasticity, #7; Poisson’s ratio, v; yield point; tensile strength; and 
elongation ¥ were determined. 

A composite sample of the material from the C6 and from the C7 
columns was analyzed for carbon, manganese, phosphorus, and sulfur. 


2. COLUMNS 


(a) ELASTIC RANGE 


The shortening under load in the elastic range was determined for 
each column, and the modulus E’, was computed. Since columns 
similar to the C6 and C7 columns, but having an unperforated plate, 
were not available, the modulus E’ ; of hypothetical columns having 





4 | 4 Journal of Research of the National Bureau of Standards 


the same dimensions as the C6 and C? columns, but having an unper- 
forated plate, was taken as being equal to the weighted average val 
of Young’s modulus of elasticity for the coupons representing the 
column. The effective area, K, of the perforated plate with respec} 
to shortening under compressive load was computed, using these 
EE, and EF; values.! 

The strains in the edge of the perforation and in the surfaces of the 
plate in the bay-length at midheight of the column were determin 
for columns C6A and C7A. The distribution of stress in this bay- 
length for these two columns was calculated from the strain data and 
the values of the elastic constants obtained from the coupon tests, 


if i 


‘igure 2 shows column CGA in the testing machine during the test in 


: ‘ 
the elastic range. 


3S-Sstrain Curves and data tor stre 


a IGATTY Ta 
IV. RESULTS 
1. COUPONS 


tests of the coupons ar 


5-6 


The chemical composition of the coupon material is given below. 


Phos- 


1 Sulft 
phorus ulfur 


Composite sample 





Percent | Percent Percent Percent 
| Columns C6_. | U.17 | 0. 59 0. 007 0. 033 
| Columns C7.. 22 | 71 | .017 . 033 


aa ; ok, Eee 
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4See page 680 of RP1473. 
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test in elastic range. 


Column C6A in the testing machine during the 


FIGURE 2, 
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Figure 15.—-Columns C6A and C7 B after the maximum load test. 


Column Cé.A below Column C7B 





Pr rforated Cover Plate 8 


2. COLUMNS 
(2) MODULUS OF COLUMN AND EFFECTIVE AREA OF PLATE 
The moduli, ZY, of hypothetical unperforated plate columns, moduli, 
of the tested columns, and effective-area factors, K, with respect 
) shortening under compressive load, for the plates, are given in 


} 
> 


mins, effective-area factors of plates and maximum stress 


BASED ON GROSS C 


lal 


(b) STRESSES 


Kdge of the Perforation.—The distribution of str 


he perforation near midheicht of the columns is indicated 


7 mi 4° . . ; 1 ' > . 
ures 3 and 4. The vertical axis of the graph in each figure is 


i 


< 
1 


r 
velopment of one quadrant of the dege of the perforation. 





FicurE 3.—Column C6A, circular perforation. Distribution of stress on the edge 
of the middle pe rforation. 
Based on net area. 
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In the stress ratios o,,,/(P/A,), An is the net cross-sectional area of 
the column, and o, and o, are the maximum and the minimum principal 
stresses, respectively. The stress ratios based on gross area, o,,,/(P/A 
may be obtained by multiplying ¢,,,/(P/A,) by 1.14 for either column, 

The maximum stress ratios are given in table 3. 

(2) On the Surfaces of the Plate-—The distributions of stress on 
the surfaces of the plate near midlength of the columns are indicated 
in figures 5 to 12, inclusive. The stress ratios shown in these figures 
are based on net area. The stress ratios based on gross area may be 
obtained by multiplying the given values by 1.14. 
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Figure 4.—Column C7 A, ovaloid perforation. Distribution of stress on the edge 
of the perforation near midheight of the column. 


The point B is the point of tangency of the circular and straight parts of the edge. Based on net 


rea, 
(c) MAXIMUM-LOAD TESTS 


(1) Stress-Strain Graphs.—The stress-strain graphs for the columns, 
based on net area, are shown in figure 13. The stresses on gross 
area may be obtained by multiplying the stresses on net area by 0.88. 

(2) Deflections.—The stress-lateral-deflection graphs for the col- 
umns, based on net area, are shown in figure 14. The stresses on 
os area may be obtained by multiplying the stresses on net area 
oy 0.88. 
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‘A, circular perforation. Isogram of maximum principal 
stress. 
Based on net area, 
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Figure 6.—Column C6A, circular perforation. Isogram”™of minimum principal 
stress. 


Based on net area, 





Perforated Cover Plates 





Ficure 7.—Column C6A, circular perforation. Isoclinics. 
The angle 9 is measured positive counterclockwise from the axis of the column to the direction of the 
maximum principal stress. 
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Figure 8.—Column C6A, circular perforation. Magnitude and direction of the 
principal stresses. 
Based on net area. 
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rE 9.—Column C?7A, ovaloid perforation, Isogram of maxiinum principal 
stress. 


Based on net area. 
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Figure 10.—Column C7A, ovaloid perforation. Isogram of minimum principal 


stress. 


Based on net area. 
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Figure 11.—Column C7A, ovaloid perforation. Isoclinics. 


The angle @ is measured positive counterclockwise from the axis of the column to the direction of the 
maximum principal stress. 
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?A, ovaloid pe rfc ration. Magn ltude and 


Pp? incl pal stresses. 


Based on net areca, 





Pertorated Cover Piates 


~Columns C6 and C7. Stress-strain graphs. 
Based on net area. 


oO 


Maximum Loads —The maximum loads for the columns 


and 
the maximum average stress on the gross area and on the net area 
re given In table 4. 


in¢ 


Maximum loads for columns 





ration shape 


foration spacing, in 
Area of angles, in.?___- 
s area of plate, in.? 
t area of plate, in.?_- 
tal gross area, in.?_. 
tal net area, in.? ; 
laximum compressive load, kips 
ympressive stress at failure, kips/in.?: 
On gross area. . NS SEES 
On net area 





The effective-area factors of the plates with respect to compressive 

tress could not be determined, because no columns with unper- 
forated plates were furnished. 

The columns all failed by buckling of the plates near one of the 
perforations, as may be noted in figure 15. After the maximum load 
had been reached, secondary buckling occurred in the outstanding 
legs of the angles near the buckles in the plate. 


519080—48——-6 
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The average stress at failure for the C6 columns having circular 
perforations was somewhat greater than for the C7 columns having 
ovaloid perforations. 


40 

















Stress, kips/in® 
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c7e CTA 
FicurE 14.—Columns C6 and C7. Stress-deflection graphs. 


Based on net area. 


Wasuincton, February 6, 1943. 
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